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. High-gain  spacecraft  antennas  with  multiple  beams  and  contoured  beams  ara  kay  componants  in  satellite 

' communi cations  and  direct  broadcast  systems.  This  is  reflected  on  the  latest  generation  of  communications 
setellites,  where  the  antenna  subsystem  is  the  largest  subeystem  with  its  weight  of  mora  than  300  kg.  The 
\ entannas  achieve  e lerge  communications  capacity  through  multiple  frequency  re-uses  and  may  be  recon- 
figured to  serve  different  coverage  areas. 

The  peper  overviews  the  currant  multi-beam  and  contoured- beam  entanna  technology.  Different  implemen- 
tations, reflector  or  lens  with  faad  array  or  direct  redieting  array,  ere  considered.  Tha  emphasis  is 
placed  upon  systems  with  of feet  paraboloidal  reflectors.  The  limitetione  of  the  offset  reflector  with 
respect  to  beam  scanning  end  crose  polarization  ere  reviewed.  Computer- aided  dasign  procedures  end  design 
examplas  ara  presented.  . 

S 

1 . INTRODUCTION  / 

The  antenna  syetems  carried  on  board  spacecraft  have  over  the  lest  25  years  undergone  e rapid  evolu- 
tion which  parallels  that  of  the  spacecraft  themselves.  In  fact,  the  spacecraft  system  requirements  have 
bean  end  continue  to  be  a main  driving  force  behind  tha  rejuvenation  of  entanna  thaory  and  technology 
which  previously  ware  considered  to  be  mature  disciplines.  This  evolution  hae  baan  eupported  by  the 
eimulteneous  advent  of  abundant  computational  facilities. 

Early  spacecraft  were  email,  spin-stabilized  setellites  in  low  orbite.  Tha  antanne  systeme  ware 
simple,  often  with  a low  power  in  a narrow  frequency  band,  typically  in  the  VHP  band.  Currant  spacecraft 
have  become  lerge  end  highly  specialised  end  often  carry  saverel  antenna  eysteme  which  era  tailored  to  the 
role  of  tha  spacecraft.  Most  communications  spacecraft  ere  placed  along  the  geoetetionary  arc  some  36,000 
km  above  the  surface  of  the  Earth.  The  multi-beam  and  the  contour  ad- beam  antennas  reviewed  in  thie  paper 
ara  axamplee  of  particularly  complex  antenna  syetems  which  significantly  increase  the  capacity  end  flexi- 
bility of  theee  aetellite  eystama.  By  international  agreement  certain  frequency  bands  have  bean  allocated 
for  the  different  setellites  services  end  rules  have  been  sat  to  minimize  the  interference  with  other 
satellite  eyetems  end  with  sarth-beeed  systems  [ l] . Typically,  the  uplink  signals  from  tha  Earth  to  the 
satellite  end  tha  downlink  signals  back  to  the  Earth  use  different  bande.  Some  of  the  most  important  fre- 
quency-band allocations  for  tha  fixed  satellite  services  { coranuni cat ions  setellites)  era  indicated  in 
Table  1.  Tha  frequency  allocations  differ  elightly  for  three  CCIR  regions  of  the  world  and  various 
raatrictions  may  apply  so  that  the  full  bands  cannot  be  used.  Other  bande  era  allocated  for  communication 
with  mobile  stations  and  for  direct  broadcast.  Additional  bande  ere  allocated  at  higher  frequencies. 
Initially,  the  lower  bands  hava  been  the  most  popular  as  the  technology  has  been  better  developed. 


5.925-  7.250  GHs  3.400-  4.200  and 

4.500-  4.800  GHs 

12.500- 13.250  and  10.700-11.700  GHs 

14.000-14.800  GHs 

27.500- 31.000  GHs  18. 100-21 .200  GHs 


Table  1 . CCIR  allocations  for  tha  fixad-satallita  servica 


1 . 1 Multi-Bean  Antennas 

Tha  finita  frequency  spectrum  available  and  the  finite  number  of  slots  along  tha  geostationary  arc 
for  satellites  operating  in  the  same  frequency  bend  ara  best  utilised  by  a multi- beam  antenna  which  illu- 
minates the  coverage  area  by  a cumber  of  element  beams.  A hexagonal  beam  lattice  is  the  most  efficient  for 
contiguous  area  coverage.  If  the  antenna  radiates  N beams  and  the  available  frequency  spectrum  is  divided 
into  K bands  or  channels  so  that  adjacent  beams  use  different  bands,  the  frequency  spectrum  can  be  re-used 
H*N/K  times.  Figure  1 shows  different  beam  topologies  where  the  number  in  each  call  or  beam  foot  print 
gives  tha  channel  number.  The  more  channels  the  frequency  band  is  divided  into,  the  larger  tha  spacing 
will  be  between  the  calls  where  the  same  frequency  is  re-used  and  the  better  the  isolation  will  be  between 
these  beams.  However,  the  number  of  times  the  frequency  is  re-usad  will  be  lass.  In  practical  systems, 
adjacent  or  overlapping  beams  may  use  orthogonal  polarisations  to  improve  the  isolation  or  increase  the 
number  of  frequenoy  re- uses. 

As  an  additional  advantage  of  dividing  the  ooverage  area  into  smaller  cells,  the  spacecraft  antenna 
gain  is  drastically  increased*  If  all  the  power  radiated  by  tha  satellite  were  uniformly  distributed  over 
il.t®  f ield-of-view  eubt ended  by  tha  larth,  tho  ultimately  achievable  gain  would  be  22.4  dll.  This  would 
require  an  infinitely  large,  lossless  antenna.  In  practice  less  than  17  dll  is  obtained  towards  the  edge 
of  the  larth  using  e horn  antenna.  With  a multi-beam  entanna,  tho  upper  limit  on  the  achievable  gain  would 
ba  set  by  else  of  the  element- beam  foot  print  or  by  the  acceptable  sise  and  oomplexity  of  the  antenna 
system  and  the  accuracy  with  which  tha  aetenna  can  be  kept  pointed  towards  the  coverage  area.  This  shift 
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from  ths  early  low-gain  over  medium-gain  spacecraft  antannaa,  which  required  hugs  earth-station  antennas, 
to  high-gein  spacecraft  antennas  with  small  beam  foot  prints  has  in  conjunction  with  improvements  in 
satsllite  power  and  low-noise  receivsrs  lead  to  the  introduction  of  comparatively  cheep,  email  earth- 
station  antennas.  Mora  aspects  of  multi-beam  antannaa  are  discussed  in  [2-4]. 

The  simple  beam  topologist  of  Figurs  1 carry  some  disadvantages*  In  real  life,  ths  communications 
requirements  are  not  uniformly  distributed  over  the  f ield-of-view  and  a multi-beam  antanna  system  with 
many  beams  requires  many  transponders  and  a large  switch  matrix  to  provide  the  intar- connectivity  between 
the  uplink  and  the  downlink  beams.  Also,  it  has  not  yet  been  practical  without  the  usa  of  several  antennas 
or  excassivs  antsnna  losses  to  radiats  elemant  beams  with  the  crossover  levels  down  from  the  beam  peak  in 
the  order  of  3-4  dB  needed  for  a contiguous  coverage.  These  problems  have  lsad  to  the  concept  of 
contoured-beam  antsnnas  whara  sevsral  of  tha  element  beams  are  combined  in  a cluster  or  a composite  beam. 


1 .2  Contoured-Beam  Antsnnas 


A contourad-beam  antenne  providss  one  or  mora  baams  with  foot  prints  on  tha  Earth  tailored  to  speci- 
fic geographical  areas.  Sometimes  thasa  antannaa  ara  rsfsrrsd  to  as  multi-beam  antsnnas  or  shaped-beam 
antennas.  Tha  beam-contouring  consarvas  the  satellite  powsr  and  reducss  the  interference  both  with  adja- 
cent frequency  re-use  covsraga  arsas  of  tha  same  satellite  system  and  with  other  systems.  Figure  2 illu- 
strates the  most  common  herdwere  ussd  to  generate  a contoured  beam;  a feed  array  which  illuminates  an 
offset  paraboloidal  reflector.  Each  feed  element,  usually  a small  horn,  generates  a scanned  pencil  beam 
which  is  tsrmsd  an  element  bsam  or  a component  bsam.  Tha  foot  prints,  of  thasa  slement  beams  on  ths  Earth 
ara  indicated  by  small  circles  on  Figure  2*  A contoursd  beam  which  provides  service  to  coverage  area  A is 
obtained  by  adding  the  elemant  beams  radiated  towards  tha  coverage  araa  with  appropriate  (complex)  weight 
factors.  These  weights  or  feed  excitations  ars  generated  by  a beam-forming  network  (BFN)  which  often  is  a 
power  divider  traa  with  phase  shifts  provided  by  line  length  differ encas  at  the  feed  ports. 

The  fesd  array  and  in  particular  tha  BFN  are  tha  most  critical  parts  of  a contourad-beam  reflector 
antanna  as  they  must  realize  the  desired  feed  excitations  with  acceptable  amplitude  and  phase  tolerances 
and  low  VSWRs  at  both  the  feed  ports  and  the  beam  port  over  the  operating  frequency  bandwidth.  The  antenna 
system  is  raquirsd  to  operate  in  a hostile  space  environment  with  temparature  excursions  in  the  order  of 
-60  to  60  °c  or  more  over  the  7 to  10  year  satsllite  lifetime.  The  BFNa  of  most  current  contoursd-beam 
entannas  consist  of  fixad  power  dividars  and  phase  ahifters.  These  BFNs  ara  usually  implemented  in 
TEM-line  in  the  6/4  GHz  bands  and  in  waveguide  in  the  14/11  and  30/20  GHz  bands.  Waveguide  BFNs  have  lower 
insertion  loss,  but  are  heavier  end  more  bulky  than  TEM-line  BFNa.  The  stringent  matching  requirements 
have  lead  to  the  elmoet  exclusive  use  of  hybrid  couplers  rather  than  simple  3-port  TEEs  or  E-plane 
couplers  in  tha  power  divider  tree. 

Advanced  antenne  systems  include  on  international  -rommunicetions  aetallites  switches  to  provide  slow- 
ly reconfigurable  beams  to  allow  e satellite  to  oparete  from  different  locations  elong  tha  geostetionery 
arc  and  to  accoonodate  traffic  changes  and  on  DSCS  III  fully  reconfigurable  BFNs  with  veriable  ferrite 
power  dividers.  Future  systems  are  likely  to  include  mora  variable  power  dividers  end  variable  phase 
shifters  in  ferrite  or  solid-state  technology.  This  will  allow  both  e high  degree  of  beam  flexibility  and 
the  fast  reconfigurability  required  for  hopping  and  scanning  beams  with  TDMA.  Ultimately,  BFNs  ere 
expected  to  include  many  active  components  to  compensate  for  losses.  This  will  provide  vary  compact  and 
flexible  BFNs. 

If  ths  antenna  syatem  only  ia  required  to  generate  e single  fixad  contoursd  baam,  e shaped  reflector 
illuminated  by  e single  feed  is  en  attractive  solution  with  respect  to  both  performance  end  cost  mainly 
becausa  no  BFN  is  required.  This  concept  is  reviewed  in  Section  5. 


1.3  Choice  of  Reflactor,  Lens  or  Arrey7 

Tha  use  of  a focusing  device  such  e reflector  or  e lens  provides  e one-to-ons  relation  between  the 
element  beams  end  the  feed  horns.  This  rsletionship  does  not  exist  in  the  case  of  en  array,  where  eech 
array  element  contributes  to  ell  element  beams,  end  en  errey  with  several  independent  beams  operating  at 
the  earns  frequency  end  polarisation  would  suffer  from  significant  lossas  unless  e Butler-matrix  type  BFN 
is  used  with  orthogonal  array  illuminations  for  the  different  beams.  In  the  ceses  of  multi- beam  antennas 
whsre  eech  beam  can  be  generated  by  s single  feed  and  of  contoured- beams  antennas  where  only  e few  element 
beams  are  used  to  generate  the  contoured  beam,  the  BFN  is  much  simpler  for  a reflector  and  a lens*  As  e 
result,  array  entennes  have  found  only  little  use  es  spacecraft  multi-beam  end  contoured-beam  sntennes. 
Nevertheless,  vs  will  consider  contoured-beam  array  antennas  further  in  Section  7.  A review  of  multi- beam 
arrays  is  given  in  [ 5] . 

The  choice  between  reflector  end  lens  is  more  difficult.  In  the  paet,  most  systems  have  used 
reflectors  due  to  their  low  weight  end  cost,  excellent  bandwidth  end  polarisation  properties  and  the  fact 
that  they  can  be  analysed  very  accurately  with  ths  existing  KF  analysis  methods.  A mair  disadvantage  of 
the  reflector  is  the  need  to  use  en  offset-fed  reflector  geometry  to  avoid  blockage  by  the  large  feed 
array,  BTW  and  support  structure.  The  offsst-fed  reflector  has  significantly  worse  scan  and 
oroas-polsrisstion  performance  and  occupies  a larger  volume  on  the  spaceoraft  than  a similar  oenter-fed 
reflector. 

The  lens  is  a focusing  devloe  with  axial  symmetry  but  without  blockage.  As  furthermore  the  remaining 
dominant  scan  aberration,  coem,  may  be  removed  by  choosing  the  inner  lens  surface  to  be  a sphere  so  that 
ths  Abbi  sins  condition  is  fulfilled,  lens  antennas  have  considerable  sttraction  for  multi-beam 
applications  [ 6j . Dielectric  lenses  are  far  too  heavy  for  use  et  microwave  frequencies  on  s spacecraft, 
and  new  low- weight  but  also  more  complicated  lenses  such  es  the  armed  waveguide  lens  and  the 
printed-olreuit  bootlace  or  TEM-line  lens  outlined  in  Figure  3 have  been  devised.  These  lenses  may  be 
attractive  la  systems  with  somewhat  less  then  100  element  beams  where  ths  number  of  waveguide  or 
printed-circuit  elements  osn  be  kept  reasonably  small.  Ths  D8C3  III  spacecraft  in  fact  flies  three 
multi-been  eoned  waveguide  lens  antennas  operating  at  about  8 GRs  [4].  Ths  bandwidth  of  s zoned  waveguide 
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lens  is  not  compatible  with  thoss  stated  in  Tabls  1.  The  more  broadbanded  TEM-line  lane  has  bean 
invsstigatsd  for  use  at  C band  [7].  However,  ite  weight  was  considarsd  to  ba  so  largs  that  the  recaivs  and 
ths  transmit  function  would  have  to  ba  combined  in  one  antenna.  Tbe  matching  problem  at  the  inner  lane 
surface  could  not  be  solved  ovsr  the  combined  frequency  band  and  led  to  degradations  of  the  element  beams 
near  tha  axie.  Becaues  of  their  complexity  and  the  still  unsolved  problems,  lens  antennas  ere  not  con- 
sidered further  in  this  paper.  It  is  expected  that  lens  antennae  will  prove  to  be  more  useful  at  milli- 
metsr  and  submillimeter  wevelsngths. 


’■i 


Solid  reflectors  manufactured  from  carbon-fiber  re-enforcsd  plastic  (CFRP)  have  become  very  popular 
dus  to  their  low  weight  and  excellent  thermal  behavior.  Surfacs  eccuraciee  in  the  order  of  1/100  wave- 
length RMS  are  required  to  ensure  low  sidelobes.  Solid  offset  reflectors  provide  excellent  cross-polarisa- 
tion performance  when  ussd  with  circular  polarisation.  Howsver,  many  domestic  systems  use  linser  polarisa- 
tion. This  has  led  to  the  development  of  griddsd  and  duel  gridded  rsflectore  to  reduce  the  cross 
polarisation  introduced  by  the  offset  configuration. 


2.  FUNDAMENTALS  OF  CONTOURED- BEAM  REFLECTOR  ANTENNAS 
2.1.  Basic  Definitione 


Contoured- beam  reflector  antenna  eyetems  hevs  e unique  set  of  performance  parameters.  Most  other 
entenna  systems,  including  earth  station  antennae,  optimise  the  on- axie  gain  subject  to  certain  eidelobe 
constraints  of tan  defined  by  an  envelope.  The  driving  eystem  parameters  are  EIRP  and  G/T  with  sidelobe 
constraints  added  to  minimise  interference.  Cross-polarization  requirements  often  only  apply  near  the  beam 
axis.  Whsn  an  antenna  is  requirsd  to  serve  an  area  rather  than  just  e single  direction,  the  minimum 
coverage  area  gain  and  not  the  peak  gain  becomee  the  eignificant  parameter.  Hence,  tha  standard  definition 
of  antenna  efficiency  doee  not  apply  to  contoured- be am  antennas.  Tha  efficiency  r|  of  a contoured  beam 
entenne  is  defined  as  the  ratio  of  ths  minimum  coveregs  area  gem  MCAG  to  the  gain  Gun  of  e lossleae 
entenna  which  distributes  all  the  radiated  power  uniformly  across  the  specifisd  coverage  arae  Q {in 
stsredians),  i.e., 

TJ  - MCAG/Gun  ( 1 ) 

where 

Gun  - 4*/G.  (2) 

Alternatively,  the  geinfcarea  product,  MCAG*Q,  may  be  defined.  Due  to  the  finite  satallits  pointing  accu- 
racy, the  gain  slope  must  be  controlled  within  the  area  of  uncertainty  for  each  earth  station.  Tha  arae  of 
uncertainty  is  celled  the  pointing-error  box,  sphere  or  ellipse  dependent  upon  its  actual  shape  which  is 
determined  by  ths  satellite  attitude  control  system.  The  coverage  area  Q must  include  the  pointing  error. 

A pencil  beam  with  a circular  foot  print  is  the  simplest  example  of  a beam  with  an  area  coverage.  If 
we  assume  e Geuseien  beam  shape  and  no  losses,  the  power  pattsrn 

G<9)  -4  ln10/3,0  10-<8*10)2  13) 

givss  the  directivity.  Tha  polar  angle  9 is  measured  from  the  beam  axis  and  01Q  is  half  tha  10-dB  beam- 
width.  The  minimum  coverage  area  gain  occurs  at  tha  edge  of  ths  coverage  arae  , 9 • 9C,  and  is  maximized 
for  0jq  - 9^ lnlO . This  result  also  applies  for  Gaussian  beams  with  elliptical  foot  prints.  Thus,  tha 
minimum  coverage  erea  gain  is  about  4.3  dB  below  peak  gain  for  circular  and  elliptical  foot  prints.  Tha 
associated  gainftarea  product  is  4n  or  15176  degrees2,  which  corresponds  to  e contoured- beam  effi- 

ciency of  only  36.8  per  cent  even  though  that  all  losses  heva  bean  neglected.  This  efficiency,  which 
accounts  for  the  great  gain  difference  between  the  ideal  and  tha  practical  global- coverage  antenna  in 
Section  1.1,  may  be  improved  by  a flatter  gain  over  the  coverage  area  and  a steeper  gain  fall  off  at  tha 
edge  of  tha  coverage  area. 


Whan  the  antenna  system  provides  multiple  contoured  beams,  tha  driving  antenna  parameter  becomes  the 
isolation  which  can  be  achieved  between  beams  which  re-usa  tha  same  frequency  band  either  through 
spatially  separated  copolerisad  beams  or  through  orthogonally  polarised  beams.  Figure  4 illustrates  tha 
different  definitions  of  inter- beam  isolation  which  apply  for  receive  and  transmit  satellite  antennae. 

Whan  the  satellite  antenna  transmits,  an  earth  station  served  by  beam  B may  rscsive  an  interfering  signal 
via  a sidelobe  of  beam  A.  Tha  transmit  isolation  is  defined  as  tha  ratio  of  the  desired  signal  from  beam  B 
to  tha  undesirad  signal  from  beam  A and  depends  on  both  the  relative  antenna  gain  and  tha  relative  trans- 
mit power,  i.e.,  thv  relative  EIRP.  With  tha  satellite  entenna  receiving,  tha  interference  occurs  via  tha 
sidelobes  of  tha  beam  itself  from  earth  stations  outside  the  service  area.  If  all  earth  stations  transmit 
with  the  same  EIRP,  the  receive  isolation  is  defined  es  the  ratio  of  the  entenne  gain  towerds  tha  earth 
station  in  the  coverage  area  to  the  antenna  gain  in  the  direction  of  the  interfering  earth  station  at  the 
highest  sidelobe  level.  The  receive  isolation  is  considered  to  be  the  a *t  difficult  es  e single  high- 
level  sidelobe  which  falls  in  e frequency  re-usa  coverage,  will  destroy  the  isolation  on  ell  coverage-arse 
stations. 

The  minimum  spacing  between  adjacent  copolarised  frequency  re-usa  coverages,  measured  in  beamwidths 
of  the  element  beams,  determines  tha  required  aperture  sise  or  resoluti*w  of  the  entenna  systsei.  An 
entenne  pointing  error  of  e will  reduce  the  minimum  coverage  area  spacing  ^ 2c.  Thus,  e large  pointing 
error  may  require  a significantly  larger  end  more  complex  entenna  system. 
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2 .2 . Overview  of  the  Current  State- of- the- Art 

Ths  INTELSAT  coamunicetione  satellites  provide  en  important  example  of  the  prectical  uee  of  reflector 
entenna  eystraa  with  multiple  contoured  beams.  The  cooqplexity  of  in  particular  the  C-band  entenna  systems 
have  grown  aignificent  for  eech  new  apacecreft  eeries  es  Illustrated  by  the  increaaing  co^>lexity  of  the 
coverages  shown  in  Figure  5.  INTELSAT  IV  A introduced  two-fold  frequency  re-use  through  two  spatially 
isolated  hemiephericel  beams  by  meane  of  an  array-fed  offset  paraboloidal  reflector  antenna  system  [sj. 
This  concept  wea  further  developed  on  INTELSAT  V where  four-fold  frequency  re-uae  was  fealired  by  the 
addition  of  two  smaller  rone  beams  in  the  opposite  sense  of  circular  polarisation*  These  rone  beams  have 
one  shape  when  the  apacecreft  operetes  over  the  Atlantic  or  the  Pacific  Ocean  region  and  another  wer  the 
Indian  Ocean  region  [9,  l.o]  • The  trends  towards  both  more  frequency  re-uses  end  more  reconfigurability  of 
the  beam  coverage  contoure  continue  on  INTELSAT  VI.  Two  hemiepherical  beams  end  four  rone  beams  in 
opposite  seneea  of  circular  polarisation  provide  eix  frequency  re-uses.  The  four  rone  beams  ere 
reconfigured  for  eech  of  the  three  ocean  regione  providing  a total  of  14  coverage  beams  with  six  active  in 
e given  ocean  region  [ll,  12].  The  echievements  and  the  limitations  of  this  technology  ere  pummarired  in 
Table  2 [l3].  It  is  consnon  practice  to  use  separate  antennas  for  the  transmit  end  receive  function  to 
reduce  both  the  bandwidth  over  which  en  entenna  is  required  to  operate  end  problems  essocieted  with 
passive  intermodulation. 

The  increased  number  of  frequency  re-uses  sets  stringent  sidelobe  and  cross-polarisetion  requirements 
in  the  order  of  27-30  dB  over  e field-of-view  which  extends  approximately  ±10°  from  the  subeetellite  point 
to  accommodate  both  antenna  pointing  errors  and  the  epaeecratt  pitch  biasing  used  to  maximise  the  minimum 
spacing  between  spatially  isolated  beams.  As  the  spacecraft  are  pieced  above  the  middle  of  the  oceans,  the 
beam  coverages  fell  near  the  maximum  scan  angle  eo  that  ecan  aberrations  degrade  the  achievable  sidelobe 
isolation,  so  far,  however,  the  diameter  of  the  spacecraft  antenna,  meeeured  in  wavelengths,  hae  been 
moderate,  and  the  number  of  beamwidths  acenied  less  then  6-7  half-power  beamwidthe.  This  is  demonstrated 
by  the  observation  that  for  all  eetellites  in  the  INTELSAT  IVA,  V to  VI  series  the  minimum  separation 
between  two  copolarised  coverages  is  about  1.5  alement-beam  beamwidths  for  27  dB  isolation  [ 1 4 ] . This 
ralstionship  may  continue  for  significantly  larger  reflector  diameters  if  longer  f/D  ratios  or  more 
complex  feed  erreys  and  BFNs  can  be  accommodated  to  reduce  the  aberrations  of  the  scanned  element  beams. 
Figurs  6 shows  the  calculated  contoured-beam  efficiency  versus  coverage  eree  sise  for  INTELSAT  VI.  The  two 
upper  curves  apply  for  a smaller  feed  element  diameter  of  about  1.3  X end  in  cese  of  the  uppermost  curve 
also  the  effect  of  e slightly  incrsssed  spacing  between  the  coverege  erees  [l5].  Other  contoured-beam 
antennes  also  for  domestic/regional  and  direct  broedcast  systems  sre  reviewed  in  [ 16-20] • 
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2.3.  Analytic  Model  of  Reflector  Element  Beams 

A simple  analytic  model  is  pressntsd  for  the  element  beams  rsdieted  by  email  circular  or  square  feeds 
in  an  offset  paraboloidal  reflector  with  circular  aperture.  Effects  dus  to  the  illumination  taper  end  the 
spillover  ere  included  to  provide  an  accurate  assessment  of  the  achievable  minimum  coverege  eree  gain.  The 
model  neglects  seen  aberrations  end  cross-polar ire tion  end  is  thersfore  best  suited  for  reasonably  large 
f/D  ratios  end/or  small  scan  angles.  Evsn  then  we  have  found  that  the  model  may  give  surprisingly  good 
pradictiona  for  tha  minimum  coverega  eree  gain  end  the  average  sidelobe  level.  The  model  cannot  be  used  to 
determine  the  number  of  feeds  or  tha  fsed  excitations  accurately.  Therefore,  the  model  is  most  ussful  in 
initial  trade-off  studies  to  detarmine  approximataly  the  entenna  sire  end  feed  complexity  given  the 
coverege  specifications.  The  detailed  design  optimisation  should  bs  csrriad  out  using  element  beams 
cslculatsd  by  en  accurate  reflector  antenna  analysis  program  such  es  GRASP  [ 2 1 ] . 

Let  the  aperture  distribution  due  to  e single  feed  be  approximated  by 

g(p)  « «0  + <l-o0)[  1-<r/.)J]  ",  (4) 

where  tha  redial  variable  p < e.  The  parameter  aQ  is  ths  rslstiva  illumination  at  the  reflector  edge. 
Typical  parameter  values  corresponding  to  sn  element  beam  woull  be  n - 1 end  a0  - 0.7.  We  assume  that  this 
amplitude  distribution  applies  for  all  element  beams.  As  ws  nsglect  seen  aberrations,  the  phase 
distribution!  caused  by  the  lateral  displacement  of  the  feeds  in  tha  tiltsd  focal  plane  only  direct  the 
wave  fronts  towards  ths  positions  in  the  beam  grid.  The  element  beams  ara  approximated  by  the  normalised 
patterns 

fj<M)  - k«  [«  A^k.Xj)  ♦ gA^tkexj)].  (5) 

Th.  Junction.  An(x)  «r«  given  by  1....1  funetiona  An(x)  • 2"*1  (ntl)l  Jnt1(x)/xn+1  .o  th»t  An<0)  - 1.  The 
argument  depends  on  the  perimeter  ka  of  the  circular  aperture  in  wavelengths  and  tha  distance 

Xj  - <<u-uJ)2.<v-v1),)1/J  (6) 

between  th*  field  direction  <u,v)  ud  th.  beam  direction  (u,,v.)  in  th.  uv-plane  wh.r.  u - ainB  cor*  and  v 
• .in)  ail*.  Th.  angle*  $ end  4 «r«  th.  polar  rad  th.  aaimuthal  angle  in  a at.ndard  spherical  coordinate 
ayetem  directed  .long  th.  antenna  bor.aight,  Th*  pattern  parameter,  a and  f in  ( 5)  depend  via  tha  adga 
taper  a 0 upon  th.  primary  paramatara 

A9j  - tha  half-powar  alamant  baaa  baamvidth,  .nd 
- th.  .lament  beam  apacing 

aa  outlined  below.  In  order  to  modal  tha  offaat  reflector  and  tha  feed  aliment  Including  apillover  loesea, 
tha  following  aecondary  paramatara 

4,,/D  - tha  raletlve  offaat  height  or  clearance, 
d(  - tha  feed  alamant  apacing  in  wave length.,  and 


1 


10  “ helf  the  10-dB  feed  beamwidth 
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- -ve  primary  and  secondery 

clearance  dc.  the  distance  from  the  paL^L  exis  to  the  -^  ° *»  derived'  The  reflector 

roughly  inversely  proportionel^for^^iven^feed^typef  ere 


D = 1.029  (1  - 0.212  log10ao)/093 
d1  = {0.5  + de/D)D 
f * (Kde/6B  + /(Kde/0fi)2  . d,2)/2 
9*  “ Arctg  d,/f  - Arctg  d^f 


{7) 

(8) 

(9) 

(10) 


*„  > *VV  An  improved^e  lue  XXll  TXllZXr  Xlll ^T^rZl  X nXlZlZXT  “ 
aQ  » 10  19  /910)  ^2/(1  + D2/6(f2+D2)). 

_.  (11) 
Given  this  velue,  the  values  for  D d f o*  „ . 

1.  now  completely  determined,  end  the’^ttern  coefficients^ iTj^nSfSS  <10,‘  *“  °ff6et  P*rabolold 


where 


' **«— *•  - ^e,;ettrrna"coe„Lr:\%rdnet9e^n^ 

a * “(/N  Lso 
P * <1-a0)/[(1+n)N]  Lao, 

N - [(1+n+2m0+2n2a02)/(n-3n+2n2)]’/2 

■e 

Lso  * 1-10-(8^10>2 


(12) 

(13) 

(14) 

(15) 


squared  gives  the  dir«et^lt^thirn^liMti^ir^>^S^t  f”  "°roali,*d  s°  th,t  th«  pattern  (5) 
excitations  discussed  in  Section  2.5.  The  effect  of  tVDieel  Z normaliaetion  of  the  feed 

very  email,  about  0.1  dB  or  less.  The  m,,,,™..:  YPicel  element-beam  edge  tap.ro  on  the  directivity  is 

discussed  in  Section  2.7.  A number  of  other  beem  HLale^?*!?**?  llover  los»  ie  “°re  significent  as 
contoured- be  am  reflector  antenna  trade-off  eiHeyout  [2^  ‘3^  ^ rUl"  "*  *Vail*Me  for  initial 

2.4  Array  Blem«nt« 

chosen  Ineeccorda“'nwith  th^r.f^tor  ge^tr^^or^^p.clf rd^'^0™"0"  Ih*  f"ed  "“**  bt 

smaller  feed  requires  , .hotter  f/D  ratio  of  the  parabola  thin  e1TCi''S/b®*m'idth  r*U°'  VA93-  « 
cloae  to  unity  correapondin,  to  en  element-beam  cXXt  ®»/A93  «tio  i.Bu.u2lly 

rang,  from  1 to  1.6  A match  wall  f/D  ratios  in  the  range  from  n 7 t ~3  *’  Th*  f*ed  dlM“t.rs  in  the 

reflector  .ubtended  .ngl.  becomas  l.rgar  and  the  splnoiai T U*’  F°r  *“U  f/D  r,tioe'  the 

increase..  The  spillover  losses  era  minimised  if  piU  v*r  l0““  s®all.r.  How.v.r,  th.  scan  lossae 

ilm  °l  *fr*y‘<,1“<mt  9u*Hty  number  and  i.  r.UtivilyUiid!iSnS.it  Ihi*  pir“’et*r  Pl*Y«  th. 

alamant  *s  alra.dy  discussed  in  Section  2.3.  Tot  a small  circJflr  n !a  ' th*  ,1m  of  * Particular  type  of 
par.rn.tar  i.  about  1.00  whila  it  is  about  1.17  for  a small  d^  Li  “ “Dd*  horn  th*  T*lu*  of  this 
horn.  «r.  quite  us.le..  ..  .rr.y  ,1-Mntl  b.o.us.  of  iTi  1 °r  Pott*r  h°rn.  Smell  corrug.t.d 
th***  considerations  it  would  appsar  that  small  fundamantal  UX*n  “P  by  th*  corrugations,  from 

contoured- b«am  antann.  application..  Hoi.v^th^^f™,^*  T"  '°“ld  ”*  the  “°»t  ««*»1  *cr 
practice  annihilate  th.  excellent  th.or.tic.l  p-rforTc^^^^ 

co-oil*  iir™i"l”l^uri“d  ii~»,.J«^!,^Un«ilihiolrtredT*,Uif*  f*'d  41— nt*  “«dd 

rectangular  feeds  of  different  ais.a  with  or  without  di.lactrii  do"**tic/ragion.l  systems  use 

refactor.  Th.  f..d  horn  dimension.  «r.  optimal  tl  . 9 ott*n  illu^"ating  a dual  gridd.d 

Plan,  of  th.  r. factor.  Th...  .y.t«  ma/riali.^  ZtTrT.XZ?''  V th*  COV,r*9*  1"  th.  focal 
gain  with  a minaum  of  ent.nna  hardw.r.  ZZT * " 

Ohi*  h°rn  "di*tor'  a'pilsOiiiriid  tr0?0h^”«J!i~ir  ‘aTaiU^t  W*V,9Uld*  technology  oonal.t. 
thi.  may  a a wry  bulky  and  rn.ch.nic.lly  fr.,il.  .y.i„  Th.«fir.  ^ *y,t“  "lth  “ny  f«d*- 

racently  r.c.iv.d  con.idar.bl.  .tt.ntion  a.  . pot.nU.l  v.™  ^pI«^tP*tCh  r*"*t0r*  h*" 


z»5  Wtwork  Um  »nd  fgga  faiciftion  Morma 

nation  Md  apilio».r  loaa  »i?Tln"iM^it!to!!^!^.  ‘ ”'n‘ou'*d  th.  ov.r.11  inu«i- 

rsquir.d  to  gaiwr.t.  th.  optimi..d  AplitudTaid  ihaa.  diitiih.  fi  h*  ^ formin5  "atwork  (MU) 

miaMtch  leasee.  Thi.  an  lo..  incru,..  ^‘trlbution  at  th.  f«J  port,  introduc.  ohmic  and 

•ad  l°o ?er  lin.  Iwgth.  ar.  rmjulr^  in  the  power  divider  traa^i.  ??'**  **  *°r*  Uy,r*  °*  P°*'*r  divld«r. 
f icantly  higher  loaa.a  than  fixMl  an*.  ^ ld^  t M-  ruUl’  reconf igurable  an.  may  her.  sign!- 
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The  feed  excitation#  e^  must  be  normalized  by 

N 2 j 4x  for  directivity 

pin  " **  Ay  t*j|  " \ 4ll10-LBFN/10 


(16) 


for  gain. 


Than,  the  directivity  or  the  gein  will  be  referred  to  the  total  incident  power  et  either  the  feed  aper- 
ture* or  et  the  BFN  input  port.  The  directivity  referred  to  the  total  redieted  power  is  derived  if  tha 
excitation  normal izetion  is 


N N * 

pr»<l  " **  1£,  rij  " 4*< 

where  r^j  is  the  normalized  mutuel  resistance  end  r^  ■ 1 . 


(17) 


2.6.  Mutual  Coupling 

For  a sufficiently  lerge  array  element  with  e Geussien  pattern,  the  normalized  mutuel.  reeietance  is 

r12  - (18) 

Thie  indicates  that  tha  mutual  rasi stance  depends  with  the  approximations  made  only  on  the  product  d^lO* 
which  for  adjacent  faade  is  equal  to  tha  fead  quality  number.  Thus,  the  requirements  for  low  mutual 
coupling  and  for  a small  spillover  lose  ere  in  conflict!  A large  value  of  da6 y n reduces  the  mutuel 
coupling  but  lncreeees  the  element  beam  spillover  loss.  In  e study  of  feed- array  directivity,  cos ^6- 
epproximatione  to  the  feed  element  pattern  have  been  used  [26]. 

The  mutuel  resistance  given  by  (18)  is  derxvc*  from  an  idealized  feed  pattern  end  neglects 
higher-order  modes  and  cross  polarization.  It  relates  to  the  small  signal  which  appears  at  the  port  of  e 
feed  when  an  adjacent  feed  is  excited.  This  effect  is  quite  negligible  for  practical  feed-array  elements 
and  (16)  is  a good  approximation  to  the  power  radiated  by  the  feed  array.  However,  the  affect  of  the  array 
environment  on  tha  element  pattern  is  much  stronger.  This  effect,  which  may  be  termed  mutual  scattering, 
sets  up  tha  cross- polar  mode  end  higher-order  modj#  et  the  radiating  aperture  and  has  a pronounced  effect 
on  the  cross- polar  performance. 

Much  work  has  bean  carried  out  on  mutual  coupling  in  phasad-errey  antenna  systems  using  tha  concept 
of  tha  active  element  pattern  and  tha  unit  call  approach.  These  techniques  do  not  apply  to  contoured- beam 
antenna  feed  err aye  which  heva  very  non-uniform  amplitude  and  phase  distributions.  The  number  of  elements 
le  typically  smaller  than  in  e phased  array  and  the  element  else  is  larger.  No  electronic  scanning  takas 
piece  end  tha  blindness  affects  of  scanning  phased  arrays  ara  of  no  concarn.  The  concept  of  the  embedded 
element  pattern  is  more  useful.  Tha  embedded  feed  pattern  is  defined  as  the  pattern  tha  faad  radiates  in 
the  array  anvironment  with  tha  feed  element  excited  end  all  other  element#  terminated  with  their  actual 
loads.  Mismatches  at  the  fead  ports  into  the  BFN  have  been  noted  to  have  a significant  effect  on  tha  cross 
polarization  - in  particular  for  circular  polarization. 

A comprehensive  study  of  mutual  coupling  in  contoured- beam  antenna  faad  arrays  has  bean  reported  in 
[ 27] . The  method  of  momenta  is  used  and  the  results  apply  to  a finite  number  of  circular  waveguide  feeds 
in  a ground  plana. 


2.7.  Spillover  Lose  Calculation 

Tha  spillover  loss  of  a contoured  beam  will  be  lower  than  that  of  an  element  beam  because  of  tha 
array  factor.  The  spillover  lose  ia  defined  aa  tha  ratio  of  tha  feed  power  which  hit  tha  reflector  to  tha 
total  radiated  faad  power.  Tha  total  power  radiated  by  tha  feed  array  has  bean  calculated  (16).  The 
element  beams  overlap  and  ara  usually  not  orthogonal.  Therefore,  tha  power  intercepted  and  radiated  by  tha 
reflector  must  be  determined  by  integrating  tha  total  reflector  far  field.  It  is  much  simpler,  however,  to 
determine  the  power  radiated  by  tha  reflector  by  integrating  the  poynting  vector  across  the  reflector 
aperture  A as  proposed  in  [28].  We  then  obtain  for  the  amplitude  distribution  in  (4) 

'rfl  - * j;,  £ ‘i**  l«JA10»*1j)+»«9An+1(k«<1j) 

♦ (n.1)J8^2n»1(liMlj)/(iB.1)J,  (19) 

where  the  pattern  coefficients  a end  0 ere  defined  above.  The  parameter  x^,  similar  to  (6),  le  the 
spacing  between  the  beam  centers  in  the  uv-plene.  The  "cross  correlation”  pattern  in  (19)  le  wider  then 
the  elemsnt-beem  pattern  except  in  the  case  of  uniform  illumination,  if  the  element-beam  positions 
coincide  with  the  nulla  of  the  "cross-correlation”  pattern,  the  beams  decouple  end  become  orthogonal.  It 
appear  that  "losses”  due  to  non- orthogonal  beams  ere  of  a fundamental  nature  end  may  be  related  to 
different  mechanisms  in  different  antenna  systems,  e.g.,  BFN  losses,  spillover  losses  in  reflector  end 
lens  systems  and  greting-lobe  losses  in  srrsye  [ 29] . 

rigure  8 shows  the  spillover  loeeee  for  a single  element  beam  end  a cluster  of  seven  elemsnt  beams. 
The  feed  spacing  is  kept  constant  equal  to  1 .07  k and  the  beam  spacing  is  increased  by  decreasing  the 
focal  length.  The  angle  subtended  by  the  reflector  inoreasee  with  increasing  beam  spacing,  and  the  element 
beam  spillover  lose  decreases.  The  dotted  curve  is  the  element  beam  spillover  lose  os leu le ted  accurately 
by  a reflector  antenna  analysis  program.  The  spillover  loss  of  the  7-element  cluster  is  much  lower  than 
that  of  the  element  beam  and  almost  Independent  of  the  beam  spaolng.  For  e fixed  reflector  geometry,  the 
beam  spacing  (or  the  beam  crossover  level)  may  be  varied  by  changing  the  feed  spacing.  Table  3 gives  the 
approximate  spillover  losses  of  both  single  and  uniformly  excited  7-element  olueters  of  olrculer 
fundamental-mode  and  dual-mode  feeds.  The  table  gives  the  calculated  spillover  losses  for  9pA0 5 equal  to 
0.7,  1 and  1*9  corresponding  to  crossover  levels  of  1.5,  3,  and  5 da. 
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Singls  feed 
0.7  1.0  1.3 

Cluster 
0.7  1.0  1.3 

TE,, 

5.7  3.1 

1.5 

1.3  - 

6.8  4.1  2.3 

2.6 

2.4  2.1 

T.ble  3. 

Spillover  loss 

in  dB . 

A significant  fraction  of  the  large  element- beam  spillover  for  small  beam  spacings  may  bs  recovered  by  the 
erray  factor.  For  the  dual-mode  feed  cluster,  where  tha  grating  lobe  losses  are  larger  dus  to  the  larger 
feed  size,  the  effect  of  the  array  factor  on  the  epillover  loss  becomes  vary  email  for  large  beam 
spacings.  A hexagonal  array  lattice  will  reduce  the  grating-lobe  loeses.  For  each  fesd  typa,  e smaller 
feed  spacing  will  slightly  reduce  the  cluster  spillover  loss.  Ths  table  indicates  that  there  is  e nead  for 
improved  fead  alemants  which  utilize  the  focel-plene  area  mora  efficiently  but  without  high  mutual 
coupling.  Another  end  probably  more  promising  remedy  might  be  to  use  improved  reflector  eyetems. 

Even  though  the  spillover  loss  of  a contoured  beam  can  be  considerably  reduced  by  the  array  factor, 
it  can  not  be  nsglacted.  In  the  sense  that  this  loss  represents  radiated  power,  it  is  very  harmful  in  e 
frequency  re-usa  entenna  system  if  it  is  intercepted  by  ths  antenna  or  by  other  satellite  etructures  end 
re-radiated  es  cross  polarization  beck  into  the  coverage  or  as  high  sidelobes  into  adjacent  coverages. 

Such  entsnne-farm  effscts  ere  difficult  to  predict  es  thsy  depend  upon  ths  wide-angle  radiation  from  the 
feed  erray  end  require  special  analysis  software. 


2.8.  Seen  Characteristics  of  Single  Raf lector e 

Figure  9 shows  isogain  contours  for  the  on-exis  end  some  scanned  elemsnt  beams  for  e 3.2  m offset 
paraboloidal  reflector  at  4 GHz  with  an  f/D  ratio  of  1.3.  Ae  e beam  is  scanned  a way  frem  borcsight,  a 
gain  loss  end  a beam  widening  occur.  Theee  beam  degradations  depend  for  e given  seen  angle  upon  the  DA 
retio,  the  offset  angle  0o,  the  f/D  ratio,  end  the  aperture  illumination.  For  the  single  offset 
paraboloidal  reflector,  whars  tha  seen  degradation  is  due  to  astigmatism  [ 30] , the  scan  loes  in  dB  for  the 
scan  engls  B gc  may  be  approximated  by 

Ltc  - C(n,a0)  (DA  D/f  sir 6Q  *i^gc)2#  (20) 

with  C(n,a)»  0.1 1 1$[  (n+1  )a+6(  l-<x  )/(n+2)  (n+3)]/(1+na ) . The  parameters  n end  aQ  are  tha  axponent  and  the 
edge  taper  of  the  reflector  aperture  illumination  (4).  For  ecen  loseee  larger  than  5 dB,  (20)  predicte  too 
large  losses.  The  acan  loas  ie  not  a loss  in  radiated  power  ee  the  BFN  loee  and  tha  spillover  loes.  It 
represents  a loss  in  tha  resolution  or  the  beam-contouring  capability  of  the  reflector  due  to  the  widening 
of  the  element  beams  for  large  scan  anglee.  Soma  scan  degradation  may  be  comp^neatsd  for  by  a more  complex 
fesd  array. 


Tha  scan  loeses  of  the  esnter-fad  paraboloidal  reflector  are  for  tha  eame  aperture  diameter,  f/D 
ratic,  acan  angle  and  aperture  illumination  order  of  magnitude  less  than  those  of  the  offast-fed 
reflector*  Tha  dominant  aberration  ia  due  to  coma,  which  haa  a minor  impact  on  acan  loaa  and  mainly 
degrades  tha  sidelobe  performance  [ 3l]  • As  tha  total  scan  loas  is  determined  by  e combination  of  coma, 
highsr-ordar  astigmatism  and  spherical  aberration,  no  simple  expreeeion  exists  for  ths  acsn  loaa  in  tha 
canter-fed  paraboloidal  reflector. 
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2.9.  Polarization  Considerations 

Circular  polarisation  wee  Initially  chosen  for  use  in  tha  international  communicetione  satellite 
system  because  of  tha  Faraday  rotation.  Whan  a linearly  polarised  signal  traverses  the  ionosphere,  tha 
polarisation  plana  undergoes  a rotation.  At  4 and  6 GHs,  tha  maximum  Faraday  rotation  is  approximately  9 
snd  4°  with  opposite  directions  for  transmit  and  receive  (CCIR  Report  551-1,  Sect.  2.3.1).  Thia  choice  of 
polarisation  was  fortunate  from  tha  point-of-view  of  antenna  technology.  Circularly  polarised  offset 
reflectors  do  not  generate  cross  polarisation  but  exhibit  a slight  beam  squint  in  the  plana  perpendicular 
to  tha  plana  of  symmetry  [32,  33].  Ths  magnitude  of  this  beam  squint  is  given  by  tha  approximate  formula 


A0  - Arcsin{X.sinficy/4xf ) . (21) 

The  direction  of  tha  beam  movement  dspands  upon  tha  hand  of  tha  polarisation.  The  Faraday  rotation  is 
inversely  proportional  to  tha  square  of  tha  frequency  and  presents  no  problem  above  10  GHs.  Than, 
dspolerisetion  caused  by  rain  becomes  important  and  from  tha  point- of -view  of  cross  polsrisation,  circular 
polarisation  becomes  tha  worst  possible  choice.  Tha  shape  of  rain  drops  is  generally  spherical.  However, 
the  ahape  of  felling  rein  drops  becomes  slightly  elliptical  due  to  the  air  resistance.  Tha  rain-induced 
attenuation  and  phase  shift  ere  maximum  (minimum)  for  the  polarisation  aligned  with  tha  major  (minor)  axis 
of  tha  rain  drop.  No  depolarisation  takes  place  for  linear  polarisation  alvgned  with  the  major  or  the 
minor  sxis  of  tha  rein  drop.  In  practice,  the  depolarisation  is  minimised  for  linear  polarisation  aligned 
with  local  earth  station  vertical  and  horieontel  (CC1R  Report  564-2,  Sect.  8.2).  Thus  for  frequency  re-uee 
antenna  systems  in  tha  14/11  GHs  bands  end  poseibly  even  the  30/20  GHs  bands,  linear  polarisation  should 
he  used  aligned  with  the  average  local  vertical  end  horisontal  within  eaet  coverage  area  [34],  However, 
this  alignment  will  reduce  the  croee-poler  isolation  between  adjacent  coverage  areas  under  clear- sky 
conditions  es  the  polarisations  then  no  longer  era  orthogonal. 


in  the  single  offset  paraboloidal  reflector,  tha  fead  axis  is  in  general  tilted  to  bisect  tha  angle 
subtended  at  the  focal  point  by  tha  reflector  in  its  plane  of  symmetry.  This  feed  axis  tilt  generates  two 
cross-polar  lobes  in  e linearly  polarised  system  [l2,  35,  36].  The  peak  of  the  cross-polar  lobes  occurs  in 
the  plane  perpendicular  to  the  plena  of  sywwtry.  For  e uniformly  illuminated  aperture,  the  peak 
cross-polar  level  relatively  the  peak  copolar  level  is 


*cro.^*ec  * »•«  9* 


(22) 
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where  9*  {in  radians)  ia  tha  a eel  angla  a ub  tended  by  tha  raf  lector.  A tapered  aperture  illumination  will 
decraeae  tha  cross  polarieation  alightly.  Any  aignificant  reduction  requires  either  a store  complicated 
feed  element,  a more  complex  feed  array  deeign,  or  that  a gridded  reflector  be  used. 


3 OPTIMIZATION  OF  CONTOURED- BEAM  REFLECTOR  ANTENNA  SYSTEMS  WITH  FEED  ARRAYS 

The  synthesis  of  a contoured- bean  antenna  ayataa  nay  be  divided  into  etepe*  initially  tha  fundamental 
antenna  performance  requirements  such  aa 

- coverage  areata), 

- minimum  coverage-area  gain, 

- maximum  coverage-area  gain  elope, 

- eidelobe  and  oross-poler  isolation  and 

- frequency  band 

must  be  specified.  Next,  the  antenna  designer  nay  identify  the  range  of  a number  of  antenna  parameters 

much  ee 

- reflector  aperture  eiee,  and 

- feed-array  conplexity 

and  examine  the  performance  trade-off e versus  the  antenna  system  eiee  and  complexity.  These  trade-off 
studies  require  that  optimum  feed  excitationa  be  determined  and  the  raau'ting  contoured  beams  be  analysed 
for  several  antenna  configurations.  If  these  studies  ere  cerried  out  with  simple  analytic  element-beam 
models,  large  savings  can  be  realised  in  both  human  effort  and  computer  time. 

When  a viable  solution  has  been  identified  by  these  initial  optimisations,  an  element-beam  layout 
with  half-power  element  beam  beanwidth  A9j  end  the  element  beam  spacing  will  be  known.  Given  this 
element-beam  grid,  the  feed-element  eiee  end  the  orientation  of  antenna  on  the  satellite,  an  initial 
reflector  antenna  end  feed  array  layout  may  be  determined  anruring  that  no  blockage  occurs.  Then,  the 
detailed  optimisations  ere  cerried  out  using  element- beam  date  determined  by  an  accurate  reflector  sntenna 
enelyeis  program.  It  is  desirable  to  include  as  many  potantial  error  sources  as  possible.  Degrading 
effeote  not  predicted  by  the  software  can  be  included  by  means  of  measured  data,  e.g.,  of  the  patterns  of 
the  feeds  embedded  in  the  array.  In  case  the  results  of  the  optimisations  indicete  that  the  performance 
requirements  can  not  be  met,  these  requirements  or  the  range  of  antenna  pa&ametere  being  considered  must 
be  revised. 

3.1  Optimisation  Procedures 

Many  different,  more  or  less  rigorously  baaed  optimisation  procedures  have  been  proposed  to  determine 
the  feed  exoitatione  which  provide  the  "bast*  contoured  beam,  it  appears  that  no  optimisation  procedure  is 
complete,  usually  tha  antenna  designer  specifies  the  reflector  and  the  feed  arrey  geometry.  Only  then  an 
optimisation  procedure  determines  the  "beat"  feed  excitations  by  optimisation  of  the  antenna  performance, 
e.g.,  gain  and  isolation,  over  a finite  number  of  pattern  sample  points*  These  sample  points  will  be 
termed  eynthesis  stations  ee  they  may  not  correspond  to  actual  earth  stations.  A more  complete 
optimisation  cen  be  carried  out  by  repeating  the  feed  exoitation  optimisation  for  a large  number  of 
antenna  geometries.  A general  optimisation  procedure  may  optimise  both  element-beam  grid  and  excitations 
but  the  ueefulneee  of  the  results  will  be  limited  by  the  accuracy  of  the  element- beam  model.  For  practical 
entenns  systems,  it  is  still  prohibitive  and  probably  not  desirable  to  include  in  the  olosed  optimisation 
loop  a complete  electromagnetic  analysis  Jith  a.o.  IFN  toleranoe  analysis  and  feed-array  mutual  coupling 
analysis. 

A contoured- beam  synthesis  is  a power-pattern  synthesis  problem  as  opposed  to  a field-pattern 
synthesis  problem.  Furthermore*  the  power  pattern  are  only  specified  in  certain  regions.  The  power  pattern 
in  the  complementary  regions  of  the  far-field  epheie  and  the  phase  pattern  should  be  allowed  to  float  in 
the  optimisation  end  take  on  any  values  which  improve  the  power  pattern  in  the  regions  of  interest.  Thus, 
even  the  apparently  simple  problem  of  determining  the  bett  feed  excitations  for  s specified  antenna 
geometry  is  e complex  nonlinear  problem  and  it  can  not  be  determined  if  a solution  is  a local  or  a global 
optimum.  It  appears  often,  however,  that  the  optimum  is  quite  fist  ec  that  small  changes  in  antenna 
geometry,  initial  feed  excitations  input  to  the  optimisation  procedure,  stations  locations*  etc.  may 
result  in  quite  different  feed  excitations  but  very  often  only  in  small  changes  of  the  sntenna 
performance.  It  is  recommended  to  input  different  initial  solutions  to  iterative  optimisation  algorithms 
and  to  oarry  out  sensitivity  studies  of  the  final  solution  with  respect  to  excitation  errors.  The 
optimisation  is  in  general  carried  out  on  the  copolar  field  only,  in  systems  which  implement  frequency 
re-use  by  means  of  orthogonal  polarisations*  the  required  cross-polar  performance  is  typically 
implemented  by  antenna  designs  which  have  low  inherent  cross  polarisation. 

The  following  four  sections  describe  a least-squares  optimisation  procedure  with  a power  constraint* 
the  formulation  of  the  mines*  synthesis  problem,  e minmax  optimisation  procedure  which  utilises  s general- 
purpose  algorithm  which  recently  has  been  extended  to  work  more  efficiently  on  contoured- beam  synthesis 
problems*  and  recent  progresw  with  minmax  or  maxmin  algorithms  which  have  been  developed  specif ioally  for 
contoured- beam  reflector  antenna  synthesis.  Many  different  approaches  are  described  in  the  literature 
(«.».. }’-«], 

1.2  Lwt-wani  tynth».l» 

Th.  Mthod,  »Uo  kran  u th.  ravU.rU.ttw  Mthod,  L otpUlud  b*low  tuin,  . Mtrlx  notation  {«*). 
«.  dot  1m  th.  wtrU  . • { *i j)|*,  «h«n  < U th.  ooatrlbotioo  of  ilwAt  bu.  j,  J » 1,2,..., a,  toward. 
.yntho.1.  • tattoo  i,  1 • 1,2,. ...H.  Two  coluno  ractor*  * • (»,}  ut  « • {.,}  ooot.it  th.  N oitcit.tioo*  *M 
th.  dMlrad  f 1.14  on  th.  N tynthttit  t tattoo..  Th.  nhi  of  lyathMl.  .tattoo,  oxcooda  in  tM.nl  th* 
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number  of  element  beams  and  • solution  con  only  be  found  in  • least- squares  sense,  in  order  to  optimise 
the  minimum  coverage  area  gain,  the  power  input  to  the  antenna  must  be  constrained.  Therefore  we  edd  the 
norm  of  the  excitation  vector  a,  which  gives  the  incident  power  (16)*  to  the  laast-squeres  pattern  error 
by  a Lagrange  multiplier  a . The  expression  to  be  minimised  is  then 

J - (eTeT  - gF)W(ea  - g)  + aaTe,  (22) 

where  the  weight  matrix  W is  e diagonal  matrix  and  the  euperscript  "T"  denotes  conjugate  transposition. 
This  gives  the  following  matrix  eque' 1 on  for  the  unknown  excitations  a 

(«TW.  + a ).  - «TWg.  (23) 

Initially*  wa  only  specify  the  amplitude  of  the  desired  field  on  the  synthesis  station  by 

- <GoPi£oi>1/2<  <*«> 

where  G0  is  e gain  nonnalisetion  constant*  p^  the  desired  relative  gain  level*  and  f_,  a path  length 
correction  factor  if  flux  density  rather  than  gain  ehall  be  optimized.  As  gain  normalisation  constant  we 
can  use  the  peak  achievable  minimum  coverage  area  gain  (1)  with  a back  off.  This  requires  that  the  angular 
area  0 of  the  coverage  eras  be  determined. 

The  relationship  between  the  Lagrange  multiplier  a and  the  incident  power  is  established  by  means  of 
the  eigenvalue  equation  corresponding  to  (23).  The  matrix  eTWs  is  Harmitien  and  the  positive  real 
eigenvalues  and  the  eigenvectors  may  be  determined  by  standard  techniques.  We  expand  the  unknown 
excitation  vector  in  the  complete  basis  formed  by  the  eigenvectors.  The  expansion  coefficients  ere  deter- 
mined in  terme  of  the  Lagrange  multiplier  a which  in  turn  is  derived  from  the  power  constraint  (16)* 

The  specification  of  the  deairad  field  (24)  implied  a constant  pattern  phase.  To  remove  this 
limitation  in  a heuristic  way  we  include  a phase  factor  exp(jO^)  which  is  updated  iteratively.  At  tha  kth 
step  wa  determine  tha  pattern  phase  from  tha  excitations  derived  in  the  k-lth  step  by 


A new  right-hand  side  of  (23)  is  calculated  and  a new  value  of  a mutt  be  determined  for  aach  step  in  the 
phase  iteration.  However*  tha  eigenvalues  and  tha  eigenvectors  remain  tha  some  throughout  the  Iteration. 
Tha  iteration  is  terminated  when  the  relative  change  of  tha  least-squares  error  (22)  decreases  to  a 
specified  value. 

3.3  Formulation  of  Minmax  Synthesis  Problem 

The  least-squares  solution  discussed  above  will  in  many  cases  be  vary  good  except*  possibly,  on  a few 
critical  synthesis  stations.  A minmax  method  may  improve  the  performance  on  the  these  critical  stations 
generally  at  tha  expense  of  tha  average  performance  over  all  stations.  Tha  minmax  optimisation  problem 
consists  of  finding  the  feed  excitations  e^  ao  that  tha  realised  power  gain 

Ij,  •jSpjl*  IJ6) 

minimises  tha  maximum  value  of  tha  residual  cr  pattern  error 


«i  - |pV<£o.Go>-Pil 


over  ell  pattern  constraints  i*  i.a.*  synthesis  stations  s and  polarisations  components  p.  Xn  (26)  end 
(27),  the  following  notation  has  been  used 

*spj  field  towards  station  s in  polarisation  p from  element  beam  j* 

fQ#  path  length  compensation  factor  towards  station  s if  flux  density  is  optimised, 

p polarisation  selector  equal  to  1 or  2* 

Pi  desired  relative  power  level  for  pattern  constraint  i.  Often  pA  - 1 for  coverege-eree 

constraints,  ■ 0 for  isolation  constraints  end  p,  equal  to  a specified  gain  roll-off 
function  with  i back  off  if  a reference  pattern  shall  be  enforced* 
s synthesis  s tat,  on  number*  s-  and 

w^  weight  factor  used  to  equalise  coverage  and  isolation  constraints. 

The  residuals  for  coverage  area  pattern  constraints  which  exceed  tha  gain  goal  ere  set  equal  to  sero. 

The  minmax  optimisation  problem  consists  of  determining  the  feed  excitation  vector  a which  minimizes 
the  maximum  residual 

r.UMX  * **X  fi-  ««» 

Th.  corresponding  lM.t-.quar..  .rror  (22)  minimi...  th.  .vsr.g.  deviation  over  .11  .t*tion..  Tb.  might 
(actor.  wi  and  Mj  *r«  used  to  IncrMSs  th.  magnitude  of  th.  rtsldoslt  in  i*ol*tloo  khi  to  corrMpond  to 
th.  magnitude  of  th.  copoUr  r.sadusls  in  th.  Mr  vie.  <ru.  jf  th.  minimum  cover. g.  mm  gain  U NCM,  th. 
amslaum  i Id* lob.  ( cro*. -polar ) l»v«l  1.  X*L  ud  th*  cover**,  iru  might  (actor  ia  unity,  th*  ainmu 
sldalob.  (croc- polar)  might  factor 


will  squsllss  th.  rssidusla.  Th.  might  (actor a bahsv*  .lightly  diffsrantly  In  th.  minmu  ud  in  the 
lM.t-ago.re.  optimisation.  Th*  bast  agreement  batman  th.  too  optlmls.t  on.  1.  obtsinM  If 
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3.4  Synthesis  by  General  Klnmsx  Algorithm 

Ths  general  minmax  algorithm  ia  an  extension  of  tha  itaratlr a method  described  in  [47].  Let  tha 
column  vactor  xk  represent  tha  excitation  vector  at  tha  kth  atap  of  tha  iteration,  f^x^)  tha  associated 
arror  or  raaidual  (27)  at  tha  ith  pattarn  conatraint,  tha  column  factor  an  approximation  to  tha 
gradient  of  tha  raaidual  with  raspect  to  tha  axcitationa  and  tha  column  vactor  h an  incremant  to  tha 
axcitation  vactor.  Than, 

Fk(h)  - max  (fi(xk)4bikTh)  (30) 

ia  a linear  approximation  of  tha  minmax  pattarn  arror  (28)  for  amall  valuaa  of  I h I - max|hj|*  ht  each 
atap  of  tha  itaretion,  tha  linear  aubproblem  (30)  ia  aolved  by  linear  programming  subject  to  a bound  on 
tha  solution, I h l<  Xk,  giving  tha  solution  ty.  Tha  vactor  xk+hk  ia  accepted  aa  tha  new  approximate 
solution  if  tha  non-linaar  objective  function  has  decreased.  Otherwise  tha  atap  ia  rejected  and  repeated 
with  a smaller  Xk<  The  bound  kk  reflects  tha  region  near  xk  whara  (30)  ia  a reasonable  approximation  to 
tha  original  non- linear  problem  and  it  ia  adjusted  automatically  during  tha  iteration.  Tha  approximations 
to  tha  gradients  are  updated  using  a rank-one  formula  by  Broyden  [48], 

*>1*1  - »>ii<+tfi(v\>-bikV'<\V*>k*  «S1> 

In  . contoured- bean  optimization,  th«  number  of  synthesis  tt.tion.  c.n  be  large  in  particular  whan  a 
global  envelope  conatraint  in  enforced  a.  in  Section  4.2  or  wh.n  aav.r.l  contoured  haul  with  common 
axcitation.  ar.  optlaia.d  aimultanaoualy  a.  in  Section  4.3.  k aignif leant  amount  of  atorag.  i.  needed  for 
tha  derivative  matrix  and  larga  Ilnur  prograaming  problama  muat  ba  aolved  at  each  atap  of  tha  ltaratlon. 
In  practical  problama,  honnr,  tha  number  of  atation.  whara  tha  pattern  error  (raaidual)  attain,  the 
maximum  value  ia  nail  compared  to  the  total  number  of  atationa.  Tharafora  at  each  .tap,  w*  identify  tha 
etatioua  within  a .pacified  range  of  tha  lergeat. raaidual.  Thaaa  atationa  d.flna  tha  overall  pattarn  arror 
F in  a naighborhood  about  Xj,  and  ara  call ad  tha  active  atationa.  Working  mainly  only  with  tha  atationa 
within  a rang#  of  tha  largaat  raaidual,  we  raaliaa  large  eaving.  in  atoraga  and  computing  time  wharoaa  tha 
convarganca  propartiaa  ramain  tha  Sana.  Tha  darivativa  matrix  la  atorad  and  updated  only  for  th.  .otlva 
atationa  - typically  about  1/5  and  laaa  of  all  atationa.  Tha  aiaa  of  tha  llnaar  prograaming  aub  problama 
ara  raducad  by  tha  ana  proportion,  lowavar,  all  atationa  ara  atill  chac'tad  at  each  atap  of  tha  ltaratlon 
and  tha  activa  aat  la  updatad  aa  requlrad.  Tha  gradianta  of  tha  raaiduala  which  ara  active  at  both  xk  and 
xkvhk  ara  updatad  by  (31).  For  tha  newcomer#  wa  uaa  a diffaranca  approximation  alnca  wa  have  no  aatimata 
bik  of  tha  gradiant  at  . 

In  caaa  of  a alngular  problem,  tha  ltaratlon  nay  bacona  alow  because  the  proc.ee  la  oaught  in  a long 
valley  with  at.ap  aidaa  [ 49] . It  it  « charactariatic  of  a alngular  problem  that  with  N excitation 
varlablaa,  tha  numbar  of  worat  atationa  where  tha  raaiduala  ara  aqual  to  tha  maximum  raaidual  will  be  laaa 
than  W+1  • Th.  number  of  wor.t  atationa  la  generally  conaldarably  laaa  than  tha  number  of  active  atation. 
ua.d  in  tha  ltaratlon  and  laaa  than  tha  numbar  of  axcitation  varlablaa  even  in  tha  final  ategaa  of  tha 
ltaratlon.  Thua,  moat  contourad-bMm  aynth.ala  problama  appear  to  be  alngular.  Whan  wa  dacld.  that  tha 
procaaa  baa  bean  caught,  wa  apply  a "applet"  non-daacant  iteration  to  bring  tha  procaaa  out  of  tha 
valley.  It  can  ba  proven  that  tha  extended  method  theoretically  haa  tha  lame  convarganca  propartiaa  aa  ita 
pr.ce.aor  where*,  in  pr.ctlc.  th.  new  method  1*  conaid.rebly  faat.r  and  can  handle  much  bigger  problem, 
within  th.  urn  computer  memory. 

3.5  gpeclailaad  Minmax  algorithm. 

Tha  general  minmax  algorithm  provide#  th.  maximum  dagrM  of  freedom  in  tha  daalgn.  Wa  may  chooea  to 
optimiaa  only  tha  aapiitudaa,  only  tha  phaaaa  or  both  tha  amplltudaa  and  tha  phaaaa  of  tha  «xcl  tat  Iona 
with  only  amall  change*  of  tha  aoftwara.  alao,  the  location  of  tha  a lament  beam#  nay  ba  optimleed  or 
degrading  effect#  aueh  aa  WFW  frequency  dleparolon  and  bFW  random  error#  could  be  accounted  for.  However, 
tha  general  algorithm  doe a not  tak.  advantage  of  tha  apeciel  propartiaa  of  a a pacific  contourad-baam 
ayntheala  problem  aa  opposed  to,  a.g.,  mlcrowav.  network  aynthaaia  problama.  The  general  algorithm  doe# 
not  uaa  tha  cloa ad-form  analytic  derivative  of  raaiduala  which  ara  available  in  apeciel  caaa.  but  uaa* 
approximation,  derived  by  finit.  difference#  and  Wroydan'a  formula.  Then  approximation.  «r.  both  nor. 
time  con.umlng  and  more  inaccurate.  They  may  raeult  in  a reduced  rat.  of  convergence  in  tha  final  .tag*, 
of  th.  iteration,  whara  a large  linear  programming  problem  may  have  to  ba  aolrod  at  Mch  atap. 

k almpla  minmax  algorithm  haa  baan  propoaad  by  in  [so]  to  ba  applied  in  eeeas  with  amplitude  only  or 
both  amplitude  and  phaaa  excitation  optimisation.  For  th.  excitation  norma U eat ion  ( 14)  with  no  loaa,  tha 
derivative  of  tha  ith  raaidual  fj  (37)  with  reaped  to  a^  la  given  by 

fi‘j  * <»> 

The  factor  Wj/(foi0o)  haa  bee#  auppraaaad.  it  !■  further  ahown  in  (»o)  that  the  gradient#  9fj  are 
perpendicular  to  tha  excitation  rooter.  lit  each  atap  in  tha  ltaratlon,  the  active  atationa  are  Identified 
and  * beat  March  diroction  la  found  by  nolutlon  of  a system  of  linear  aguationa.  Tha  length  of  the 
imcramantal  Motor  4*k  to  ba  added  to  the  excitation  vector  ok  in  tha  kth  atap  la  determined  very 
efficiently  by  • linear  search, 

we  found  that  each  atap  ia  the  iteration  proceed,  extremely  feat  compared  to  the  geaaral  minmax 
algorithm  and  that  vary  often  good  rooulta  an  obtained.  Tha  range  of  tha  raaiduala  which  define  tha 
active  atationa  gradually  decreeeee  during  the  iteration.  In  our  laplamnmtntion,  the  method  oonetlaea 
require#  very  many  1 tantieme  to  terminate.  Wham  tha  auaber  of  active  atationa  become,  equal  to  tha  number 
of  excitation#,  tha  linear  ayatam  of  equation,  need  to  determine  tha  anarch  direction  kacomaa  alngular  and 
tho  ltaratlon  ta  forced  to  terminate. 

haeontly,  tho  convergence  of  tho  method  haa  baoa  oooaldarebly  tapeovod  by  determining  the  beat  anarch 
direction  by  »olvl»g  a lunar  programming  problem  and  improving  tha  linear  anarch  ( Ji).  Only  tha  worat 
atationa  are  eanaidarod  U tho  search  direction  determination.  Tha  reeulta  Udloata  that  ordcr-ot- 
nagmltedc  saving  U oonputor  tint  may  ho  rmallacd  whan  cine  ad- torn  derivative,  ara  need  instead  of 
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derivative  approximations.  A possible  future  exteneion  may  be  to  implement  e hybrid  algorithm  which  would 
use  analytic  derivatives  whenever  they  ere  available  end  derivative  approximations  otherwise. 


SYNTHESIS  EXAMPLES 


The  optimisation  procedures  described  in  Section  3 have  been  implemented  in  a synthesis  software. 
This  section  gives  three  examples  of  results  obtained  with  this  software  package.  Other  recent  design 
examples  includes  dual-mode  antenna  optimisation  [52]  and  an  offset  side-fed  Cassegrain  antenna  with  ten 
contoured  beams  [ 53]  * 


Antenna  without  Stringent  8 Ida lobe  Sp 


The  optimisation  of  a contoured- beam  reflector  antenne  system  for  a European  Cosnuni cations  Satellite 
coverage  ie  provided  to  illustrate  the  design  procedure.  The  antenna  is  a transmit  antenna  with  the 
requirements  outlined  below « 

frequency  band:  10.7-11.7  GHs 

Polarisation:  RHCP 

Min.  coverage  area  gain  including 

BFN  loss  and  spillover:  28  dBi 

Max.  pattern  slope  in  coverage  area:  5 dB/degree 

Max.  copolar  side lobe  level:  -20  dB 

Min*  crose-poler  isolation  in  coverage  area:  30  dB 

An  area  coverage  including  a 0.2°  pointing  error  was  specified.  The  number  of  feeds  vis  anticipated  to  be 
between  20  and  30  and  the  antenne  envelope  should  be  compatible  with  the  ECS  platform  end  the  Arlene 
launcher.  The  feed  element  was  chosen  to  be  e small  conical  horn  pieced  in  a hexagonal  grid  with  an 
element  spacing  of  1.07  X at  the  center  frequency.  The  coverage  was  composed  of  four  isolated  stations  end 
a large  area  specified  by  e piece-wise  linear  contour.  The  area  specification  was  converted  into  discrete 
station  specifications  by  adding  synthesis  stations  inside  the  piece-wise  linear  contour.  It  was  found 
that  s spacing  between  the  samples  in  the  uv-plene  of 


with  the  element  beam  beamwidth  in  degrees,  gave  e reasonable  trade  off  between  accuracy  end 
computation  time.  This  corresponds  to  about  $0  per  cent  of  the  maximum  Nyquiet  sampling  spacing  X/D  end 
allows  for  truncation  effects  near  the  edge  of  the  coverage,  the  tilt  of  the  effective  aperture  plane 
along  the  plane  of  the  reflector  rim  curve,  etc.  When  e large  range  of  element  beam  beamwidths  is  being 
considered,  it  becomes  necessary  to  use  more  than  one  coverage  sampling  spacing,  figure  10  shows  the  58 
synthesis  stations  representing  the  ECS  coverage  for  the  half-power  beemwldths  2°  end  1.5°.  The  spacing 
(33)  between  the  Internal  samples  is  0.015  corresponding  to  0.86°.  for  the  half-power  beamwidth  equal  to 
1.2°,  the  sample  spacing  was  reduced  to  0.012  or  0.69°,  and  81  synthesis  stations  were  obtained. 

The  preliminary  design  tredm-off  wss  oerrled  out  with  the  analytic  beam  model  for  the  beamwidths  A©  j 
* 2.0°,  1.5°  and  1.20  to  determine  approximately  the  reflector  sise  end  the  number  of  feed  element.  in 
eech  case,  the  beam  apacinga  9-  ■ 1.2#  1.1  snd  1.0  A©3  wars  considered.  The  initial  beam  grid?  set  up 
included  ell  element  beams  with  a distanca  lass  than  A « from  tha  nearast  stations.  With  A-^  «•  1.25,  1.00 
and  0*80  8|.  a total  of  27  initial  baam  grids  wars  considered.  In  eech  eeae,  the  flux  densities  on  the 
Earth  were  optimised  taking  into  account  the  path  langth  differences  between  the  setelllte  end  the 
synthesis  stations*  An  initial  sat  of  reel  excitations  was  obtained  by  the  least- squares  algorithm  end 
used  as  starting  point  for  tha  minmax  algorithm  which  also  varied  the  antenna  pointing  snd  ths  beam 
lettica  oriantation  and  spacing.  All  tha  axcitstlons  ara  real- valued  because  the  element  beams  era 
real- valued. 


The  configuration  with  A*  j • 1.5  , Au  « 1.65°  and  initial  value  f#  » 1*85  was  found  to  «iva  ths 
best  compromise  between  antenne  complexity  and  performance.  However,  the  optimum  is  quite  flat,  figure  11 
shews  optimised  the  element-beam  lay-out,  which  includes  24  element  beams,  snd  the  leogain  contours  of 
theoptlmieed  contoured  beam  1,  2,  3,  5,  10,  15,  20,  25,  and  30  68  below  peak  gain.  The  number  of  "active" 
stations  in  the  minmax  optimisation  is  17,  which  is  well  below  24,  the  number  of  element  beams.  Thin 
indicate*  that  wa  ara  dealing  with  • singular  problem.  Only  four  least- squares  residuals  sxceedsd  ths 
minmax  residual.  The  associated  synthesis  stations  belonged  to  the  eat  of  "active"  stations  in  the  minmax 
solution.  The  analytic  beam  model  provides  sn  Initial  sntenna  geometry  shown  in  figurs  12  as  seen  from  tha 
dish.  The  feed  lay-out  ie  thm  inage  of  the  element-beam  lay-out  in  figura  11. 

«*ia 

Th.  initial  ntMM  ftMMtry  mo  further  optU»i«»d  vain,  accurate  tlawt  bw  data  d*t.n»l»»d  by  10, 
8TO  .ad  Hhlttakar  rwOMtructlea.  'ftMM  h.iw  u.  oo.pl.*- v«Lu*4  no  that  both  fMd  .Kclt.tloa  wplltud*. 
and  phw..  vm  optlmijad.  Th.  initial  iMIt'KUHl  fHd  Mcit.tlon.  Mr.  d*t.n>tiv.d  tula,  iterative 
updatia.  of  Dm  pattern  phaae  aad  uD  aa  startle.  point  for  Dm  uiaM.  ..citation  optimisation*  Th. 
optimised  e*cltationft  Mr.  inap^rt.d  for  tnekly  oaettod  foodo,  Thooo  food  Mr.  tUalutii  snd  th. 
•nettattoa.  of  tho  remslaia,  foodo  r**eptlmiaod.  TobU  4 .i—irl..»  Dm  principal  roeulto  with  «n  assumed 
ara  ioaa  of  1.4  da* 


: 
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Least- squares 
Min  flux 

Min  flux 

Minmax 
Min  gain 

Spillover 

Analytic  beam  model: 
sll  24  beams 

27.85 

28.31 

28.09 

-1.02 

PO/GTD  beams  from  GRASP r 
all  24  beams 

28.21 

28.40 

28.17 

-1.21 

-beams  18,  20  and  22 

27.81 

27.97 

27.73 

-beams  20  and  22 

28.15 

28.26 

28.02 

Tabla  4.  Resulte  of 

ECS  optimizations. 

Levels  in  dB  and  dBi. 

Several  observatione  may  be  mada.  Firstly,  the  least- equaree  eolution  ie  in  all  caees  quite  good  compared 
to  the  much  more  time  coneuming  minmax  eolution*  Secondly,  the  prediction  obtained  by  analytic  element- 
beam  model  ie  vary  closa  to  the  one  obtained  ueing  a much  more  accurate  slemsnt-beara  model*  The  elament- 
beam  modal  ie  quite  eaneitive  to  the  value  assumed  for  the  feed  quality  number  dgS-jQ.  Thirdly,  deleting 
feed  or  element  fceam  18  has  a significant  impact  on  the  aolution  eo  that  caution  should  be  exerciaed  when 
feeds  are  eliminated.  Tha  optimization  should  begin  with  a generous  number  of  feeds  which  gradually  ars 
removed.  Each  time,  the  excitations  of  thi  remaining  feeds  must  be  re-optimized.  Figure  13  and  14  ehow  the 
elemant  beam  half-power  contours  and  the  contoured- beam  ieogain  curves  derived  by  meens  of  PO,  GTD  end 
Whittaker  reconstruction  at  10.7  and  11.7  GHz.  The  decrease  of  elemant-beara  half-power  beamwidth  with 
increasing  frequency  may  be  noted.  Tha  agraement  with  the  analytic  beam  model  in  Figure  11  ie  good  except 
for  a slight  widening  of  the  low  level  contoure  in  Figure  13  and  14  due  to  the  scan  aberrations  neglected 
in  the  analytic  elemant  beam  model 

Tha  finite  tolerances  of  ths  BFN,  mismatches,  frequency  dispersion  in  tha  BFN  and  mutual  coupling 
will  cause  the  realized  feed  excitstions  to  deviate  from  the  optimum  values  determined  by  the  eynthaeie 
software.  Excitation  errore  not  accounted  for  will  degrade  the  antenns  performance.  Some  of  the  degrading 
effe:te  may  be  included  in  the  pattern  optimization.  Thue,  it  has  become  common  practice  to  carry  out  ths 
excitation  optimization  aimultanaously  at  both  edges  of  the  frequency  band  if  the  antenna  is  required  to 
operate  over  any  significant  bandwidth.  Table  5 summarizes  tha  results  of  computer  simulations  of  the 
effect  of  random  excitation  errore  on  the  minimum  coverage  area  gain.  For  the  rsngs  of  errors  and  ths 
configuration  considered,  amplituda  errors  seem  to  be  mors  serious  then  phase  errors.  For  practical 
applications,  the  average  excitation  error  should  be  less  than  e few  tenth  of  e dB  in  amplitude  and  5°  in 
phaee. 


Peak  excitation  Gain  degradation  due  to 


amplituda 

phaee 

amplitude 

phses 

amplitude 

error 

error 

only 

only 

end  phase 

0.3  dB 

3° 

0.19  dB 

0.00  dB 

0.17  dB 

0.6  dB 

6° 

0.32  dB 

0.09  dB 

0.44  dB 

0.9  dB 

9° 

0.61  dB 

0.16  dB 

0*66  dB 

1.2  dB 

12° 

1.16  dB 

0.24  dB 

0.88  dB 

1.5  dB 

15° 

1.12  dB 

0.32  dB 

- 

Table  5.  Degradation  of  the  minimum  coverage  area  gain  as  a function  of  random  excitation  amplitude  and 
phase  errors. 

4*1*1 tttftfUE80tDtfl-CD-ftKftX=£fi4.SfiD£fiUtSdzkfiU-ftDfcSDD* 

In  ths  European  Space  Agency's  COBRA  ( con toured- beam  reflector  entenne)  program,  the  prototype  of  the 
antenna  described  above  wee  designed,  manufactured,  integrated  end  tested  [S4j.  The  roe  deviation  of  the 
measured  amplitude  end  phase  excitations  from  the  nominal  values  ere  indicated  in  Table  6 at  the  edges  end 
the  canter  of  the  frequency  band. 

Frequency  Amplitude  Phase 

10.7  SH.  0.58  dB  5.6° 

11.2  SH.  0.24  dB  5.9° 

11.7  GH.  0.59  dB  6.5° 

T.bl.  6.  Raw  deviation,  of  .xcit.tion.  at  faad  porta. 

rigur*  15  ahowa  In  full  llna  tha  aaaaurad  copolar  contoura  1,  3,  5,  10.  IS  and  20  dB  balov  paak  g.in  at 
tha  adgaa  and  tha  cantar  of  tha  fr.qu.ncy  band.  Tha  calculatad  contour*  3 and  20  dB  balov  paak  gain  ara 
auparinpoaad  In  dottad  llna.  Tha  agraaaant  la  fair  apart  fro.  11.7  GHa  vhar*  atrong  autual  coupling 
affacta  batwaan  tha  avail  circularly  polar la ad  taada  not  accountad  for  In  tha  analyaia  ara  ballavad  to 
dagrada  tha  .Inlaw,  covaraga  araa  gain  fro.  28.1  to  25.5  dBl  at  Barcelona.  Th.  croaa-polar  dlacrl.lnatlon 
waa  batter  than  28  dB  at  th*  daalgn  fraquancy  (55]. 

4.2  Impact  of  Globul  Side lob,  conatralnt  on  fr.qu.ncy  »*-u*a  Antenna  gyata. 

Th*  Interference  batwaan  th*  different  aatalllta  communication!  ayat.au  hae  In  th*  paat  baan  control- 
led by  coordination  auch  that  any  new  ayatam  would  not  obatruct  th*  axlatlng  *yat«u.  In  th*  future,  it 
llkaly  that  comatunlcatlona  aatalllta  antannaa  nut  Mat  rafaranca  pattern  ap*cif icatlona  a 1ml la r to  thoa* 
which  already  apply  to  aarth-atatlon  antannaa  and  dlraet-broadcaat  aatalllta  antannaa.  Thie  will  conaarv* 
th*  finite  available  frequency  bandwidth  and  gaoautlonary  arc.  Such  antenna  rafaranca  pattern*  arc 
difficult  to  dafin*  for  a contoured  baa.,  which  wy  b*  of  a cooplicatad  ahapa.  They  will  CMplicat*  th* 
antann*  daalgn  procaaa  a*  many  aor*  aynthaala  atation*  nut  b*  conaldarad.  Thia  axa.pl*  invaatlgataa  th* 
potential  Impact  of  a global  pattern  anralop*  conatralnt  on  an  antann*  almllar  to  th*  Intalaat  VI  4 -GHa 
h ami/ a on a antann*  already  conaldarad  in  taction  2.2.  Thia  antann*  already  meat  a atringant  aldalob* 
requirement*  in  th*  adjacent  fraquancy  r^uaa  covaraga  araaa. 
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Figure  16  ehows  the  calculated  isogain  contours  et  MCAG  (the  minimum  coverage  area  gain)  and  27,  30 
and  33  dB  below  MCAG  for  the  Intelsat  VI  Indian  Ocean  region  (IOR)  zone  2 beam  at  the  lower  edge  of  the 
4-GHz  band  where  the  problems  with  aidalobes  and  the  roll-off  of  the  pattern  from  the  coverage  area  are 
the  most  severe.  The  four  epatially  ieolated  zone  beam  coverage®  are  indicated  by  the  four  piece-wise 
linear  composite  coverages.  We  note  that  fairly  high  sidelobes  extend  from  zone  2 towards  zone  4.  The 
figure  also  shows  a number  of  linear  eegmente  which  extend  from  about  1°  inside  the  zone  beam  coverage  to 
about  7°  outside.  Figure  17  ehowe  the  superimposed  cuts  along  these  gain  roll-off  pattern  traces.  The 
horizontal  angular  scale  givee  the  dietance  from  the  point  where  a gain  roll-off  pattern  trace  intersects 
the  MCAG  contour.  No  traoee  away  from  the  Earth  are  considered.  In  these  directions,  the  eidelobee  are  much 
higher.  The  full  (dotted)  line  near  0°  represents  the  max'  lum  (minimum)  envelope  of  the  pattern  traces.  The 
full  (dottad)  lina  further  away  indicates  the  envelope  oi  most  (all)  of  the  traces.  The  dot/dash  lina 
indicatee  the  additional  degradation  caused  by  the  calculated  line  length  dispereion  in  the  beam-forming 
network.  In  a practical  antenna,  several  other  imperfections  will  degrade  the  performance. 

4*2*2— 
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gain  roll-off  stations  (indicated  by  7)  were  used.  The  optimization  then  uses  176  stations  and  36  beams.  It 
is  carried  out  at  both  band  edges  simultaneously  so  that  the  number  of  pattern  constraints  is  twice  the 
number  of  stations.  Figure  19  shows  the  resulting  gain  contours  at  the  lower  edge  of  the  band  with  isogain 
contours  at  the  MCAG  level  and  27,  30  and  33  dB  further  down.  The  levels  do  not  include  losses  and  give 
directivity.  The  minmax  solution  is  superior  to  the  least-squares  solution  on  the  worst  stations  and 
improves  in  this  case  the  MCAG  level  by  1.2  dB.  The  sidelobes  are  higher  than  in  Figure  16  but  the  fit  to 
the  desired  composite  coverages  is  tighter. 

Figure  20  shows  the  optimized  gain  contours  obtained  for  carefully  selected  sets  of  gain  roll-off 
stations.  Initially,  gain  roll-off  stations  were  set  up  from  the  edge  of  the  composite  coverage  with  a 
maximum  tolerable  field  level  calculated  from  a gain  roll-off  reference  curve.  This  may  lead  to  the  spe- 
cification of  critical  synthesis  stations  which  with  the  minmax  algorithm  would  destroy  the  overall  antenna 
performance.  With  the  gain  roll-off  curve  used  in  the  optimisation,  it  was  found  that  no  gain  roll-off 
station  should  be  placed  closer  to  the  coverage  area  than  3°  for  this  zone  beam.  Also,  no  stations  should 
be  placed  in  (the  polar)  regions  where  no  feed  is  available  for  controlling  the  pattern.  The  resulting  265 
synthesis  stations  are  shown  in  Figure  18  with  deleted  gain  roll-off  stations  marked  by  circles.  The  sidelobe 
performance  has  been  considerably  improved  while  the  MCAG  level  has  been  reduced  by  only  a few  tenth  of  a dB. 
However,  the  gain  slope  of  the  edge  of  coverage  has  been  degraded.  Increasing  the  number  of  feeds  slightly 
will  improve  the  MCAG  level  and  the  gain  slope  but  seem  to  have  little  impact  on  the  sidelobe  performance. 

4.3  Reconf igurable  Antennas  with  Shared  Excitations 

increasing  satellite  lifetimes  of  10  to  14  years  have  accelerated  the  need  for  the  same  spacecraft  to  be 
able  to  provide  different  services  over  different  coverages  at  different  times.  The  full  range  of  possible 
future  requirements  ^o  a Apececreft  ui  noc'oe  Arttlciparefi  Yol  luCb  A xong  tnse  aiVd  can  prdbStfly  olfi>  Tie  mev 
by  s fully  rsconfigureble  antenne  system.  Such  antsnne  systems  do  not  require  tny  speoiel  synthesis  softwsrs 
es  the  entenne  may  be  optimized  seperetsly  for  esch  coverage  requirement.  Howsver,  they  ere  excessively 
complex  and  expensive  to  implement,  and  in  practice,  less  complex  end  mors  rslieble  systems  with  limited 
reconfigurability  ere  implemented,  e.g.,  es  in  the  Intelsat  C-bend  hemi/zons  antsnns  systems  by  means  of 
switches.  Such  a case  is  considered  in  this  section.  A set  of  shared  excitations  is  optimised  to  meet  the 
Intelsat  VI  Atlantic  and  Indian  Ocesn  region  sons  2 beam  coverage  requirements.  The  shared  excitations  would 
then  by  switches  be  combined  with  ssperets  sets  of  uniqus  excitations  for  ssch  ocean  region.  In  each  ocean 
region,  the  sidelobe  requirements  in  the  adjacent  zons  beam  covsrsgss  ars  included. 

Figure  21  end  22  show  the  185  synthesis  stations  used  for  the  Indian  ocssn  region  sons  2 beam 
optimisation  and  the  218  synthesis  stations  used  for  the  Atlantic  Ocssn  region  aone  2 beam  optimisation.  The 
minimum  coverage  eras  gain  is  optimized  subject  to  meeting  e sidelobe  isolation  of  mors  then  30  dB  in  ths 
adjacent  sons  beam  coverages.  First,  ths  two  sons  beams  will  be  optimised  independently  of  sech  other.  Then, 
vm  vso  tMMttU  t*  *fcui  4 mm  4 slwifl  immm  miiJa  Ltatinti  MUDiat 
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A initial  optimisation  is  csrrisd  out  for  ssch  cov.rag.  separately.  rigurs  13  snd  24  show  th.  contour 
plots  of  th.  too  optlniisd  ton.  biui,  Th.  optimisations  sr.  csrri.d  out  using  th.  analytic  alsnsnt-bsaa 
aod.l.  Isogtln  contours  sr.  shewn  through  th.  ainlnua  cov.rsg.  sr.s  g.in  l.v.l  snd  20,  25,  30  and  35  dB 
further  down.  Th.  ninnax  pstt.rn  .rror  is  slightly  lsrgsr  for  Xndlin  Ocssn  r.gion  son.  boss. 

At  this  stags,  th.  two  s.ts  of  excitations  obtained  by  th.  optiaisstion  of  Mch  ocun  r.gion 
s.psr.t.ly  sr.  inspected  snd  «sch  excitation  is  ssslgntd  to  on.  of  th.  following  thru  BTNSi 

in  1 g.nsrst.s  th.  .xcltstlons  only  utod  by  ths  Inditn  Ocun  r.gion  ton.  basis, 

in  2 which  g«n.rst.s  th.  .xcltstlons  only  us .4  by  th.  Atlantic  Ocssn  rsgion  ton.  bus,  snd 

in  3 which  g.n.rst.s  th.  .xcltstlons  which  sr.  thar»d  for  th.  two  son.  busw . 

Th.  total  n unbar  of  eluent  buss  it  46.  Th.  brut  down  of  th.  .lsswit  buns  snd  th.  .xcltstlons  bstwun 
th.  two  son*  bum  and  th.  thru  ins  is  giun  in  rigur.  25.  Th.  combined  aynthuls  problu  constats  of  61 
dtffarsnt  sxcltstions  snd  403  aynthuls  stations.  In  this  esu,  ths  synthssis  is  carried  out  so  that  ths 

' l*uv»  wu  m • «n  i tor  m mw  oam  ngn  -tom  om  Him,  mitin) 
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for  the  Atlantic  Ocean  region  tone  beam  are  optimised  by  the  program.  Figure  26  and  27  ahow  the  contour 
plots  of  the  two  optimised  tone  beams  with  shared  excitations  for  the  analytic  element- beam  model.  The 
minimum  coverage  area  gain  (or  rather  directivity)  and  the  minimum  sidalobe  isolation  are  listed  in  Table 
7 for  the  case  with  separate  excitations  and  with  shared  excitations.  The  table  gives  date  obtained  both 
with  the  analytic  element  beams  and  with  element  beams  calculated  by  an  accurate  reflector  analysis 
program. 


Analytic 

element  beams 

PO/GTD  element  beame 

Min.  gains 

Separate 

Shared 

Separate 

Shared 

Indian  2 

26.18  dBi 

26.19  dBi 

25.91  dBi 

26.00  dBi 

Atlantic  2 
Min.  isolation 

25.58  dBi 

25.36  dBi 

25.32  dBi 

25.17  dBi 

Indian  2 

33.09  dB 

33.10  dB 

32.29  dB 

32.55  dB 

Atlantic  2 

33.81  dB 

33.10  dB 

33.09  dB 

32.55  dB 

Table  7.  Performance  with  separate  and  with  shared  excitations. 

Thue,  no  degradation  has  taken  place  for  the  Indian  Ocean  region  sons  beam  which  had  the  largest  ainmax 
residual.  The  performance  of  the  Atlantic  Ocean  region  sons  beam  has  been  "equalised"  so  that  minmax 
reeiduala  now  are  identical  for  the  two  sons  beams.  The  agreement  between  the  results  obtained  by  analytic 
beams  and  PO/GTD  beams  is  surprisingly  good. 


5 SHAPED  CONTOURED- BEAM  REFLECTOR  ANTENNAS 

In  this  Section  we  consider  an  alternative  contoured- beam  reflector  antenna  requiring  only  e single 
feed.  The  surface  of  the  offset  reflector  is  shaped  so  that  the  modified  wavefront  along  the  original 
reflector  surface  provides  the  desired  wavefront.  The  deviation  from  the  paraboloidal  surface  ie  so  small 
that  the  asq>litude  distribution  along  the  original  reflector  surface  remains  essentially  undistorted  end 
only  negligible  cross  polarisation  is  generated.  The  similar  surface  shaping  technique  has  previously  been 
utilised  for  a jspanese  experimental  Ke-band  communications  satellite  [56,  57], 


5.1  Optimisation  of  Aperture  Phase  Distribution 

In  our  version  of  the  synthesis  technique,  the  phase  of  the  aperture  field  is  expanded  into  Zernike 
or  circle  polynomials,  i.e.. 

In  <34) 

n-i  w»-n 

where  p and  + are  the  polar  aperture  coordinates  and  c-mn  - c^*.  The  Zernike  or  circle  polynomials  find 
use  in  optics  for  orthogonal  expansions  in  circular  apertures.  The  polynomials  are  simply  related  to  the 
seen  aberrations  such  aa  spherical  aberrations,  astigmatism,  coma,  etc.  [59].  Rapid  calculation  of  circle 
polynomials  is  possible  by  recursion.  The  expansion  coefficients  cm  take  the  role  of  the  feed  excitations 
in  the  array-fed  reflector.  For  e particular  set  of  expansion  coefficients,  the  field  is  calculated  on  ell 
station#  by  e simplified  and  fast  phveice 1-optics  integration  across  the  deformed  reflector  surface.  The 
general  minmax  routine  described  in  [47]  is  used  to  determine  an  set  of  expansion  coefficients  which 
optimise  the  gain  on  ell  synthesis  stations.  The  procedure  has  eleo  been  utilised  to  synthesise  ellipticel 
beams  with  very  low  sldelobes  [ 58] . 

When  en  optimum  phase  distribution  has  been  determined,  the  shaped  reflector  is  derived  by  e 
rey-treolng  procedure  from  the  offset  paraboloid  used  as  initial  solution.  The  optimisation  of  the  phase 
expansion  coefficients  is  numerically  more  difficult  than  feed  excitation  optimisation.  The  element  beams 
are  slmost  orthogonal  end  verying  one  feed  excitation  affects  only  few  stations.  The  phase  expansion 
coeffloiente,  on  the  other  hand,  interact  nonlinearly  and  varying  one  coefficient  will  affect  all  stations 
but  by  very  small  amounts. 

Tha  reflector  shaping  procedure  has  been  applied  to  the  CCS  coverage  already  considered  in  Section 
4.1*  The  design  was  carried  out  at  11.2  GHs  using  the  offset  paraboloidal  reflector  similar  to  the  one 
considered  in  Section  4.1  as  starting  point.  An  optimised  surfece  deformation  which  generates  the 
contoured  beam  is  indicated  by  the  three-dimensional  plot  in  Figure  28.  The  optimised  shaped  reflector 
antenna  system  was  analysed  by  physical  optics.  Figure  29  shows  the  calculated  copolar  isogein  contours  at 
the  edges  of  the  frequency  band  1,  2,  3,  5,  10,  19,  20,  21  and  30  dB  below  peak  gain.  The  calculated 
minimum  coverage  area  directivity  of  28.81,  29.21  and  28.84  dBl  at  10.7,  11.2  and  11.7  GHs  compare 
fevorsbly  with  the  corresponding  minimum  coverage  area  gain  values  of  27.93*  28.18  and  28.10  dBi  of  the 
array-fed  reflector.  No  attespt  was  made  tc  suppreee  the  sldelobes.  The  antenna  was  assumed  to  be 
circularly  polarised.  The  cross-polar  performance  wae  found  to  be  very  sensitive  to  the  cross-polar 
performance  of  the  feed.  Even  low  levels  of  feed  cross  polarisation  would  generate  "hot  spots"  of  cross 
polarisation  in  the  refleotor  far  field. 


5.2  Measursments  on  Shaped  Con  toured- beam  Reflector 

The  ehaped  reflector  con touted- beam  reflector  was  re-optimised  with  e smaller  offset  angle  9Q  to 
allow  the  use  of  a linearly  polarised  feed  horn  which  wae  available.  A modified  aperture  phase  expanelon 
waa  determined  with  significantly  lower  sldelobes  et  the  cost  of  a reduced  minimum  coverage  area  gain.  The 
shaped  reflector  was  manufactured  for  the  sealed  frequency  band  16.4  - 18  GHe  in  order  to  reduce  the 
reflector  eiee  to  be  within  the  limitations  set  by  the  surface  machining  equipment  ivailable.  The  antenna 
measurement#  were  carried  out  at  the  spherical  near-field  test  range  at  the  Technical  University  of 
Denmark.  During  the  antenna  measurements,  the  feed  horn  was  found  to  move  and  it  was  necessary  to 
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strengthen  the  feed  support  etructure.  Figure  30  compares  over  an  extended  angular  range  the  measured  and 
the  calculated  co-  and  croee- polar  pattern  cuts  along  the  planes  of  maximum  and  of  minimum  beamwidth.  The 
agreement  is  excellent  apart  from  the  angular  region  7°  < 0 < 14°  in  the  plane  of  the  narrow  beamwidth, 
where  scattering  from  the  enlarged  feed  support  etructure  appears.  The  measured  minimum  coverage  area 
directivity  of  27.3  dBi  occurs-  at  the  high  end  of  the  band  where  the  predicted  value  ie  28.1  dB.  The 
ehaped  reflector  antenna  holds  significant  advantages  over  the  array-fed  reflector  antenna  for 
applicetione  where  no  reconfigurability  and  only  e eingle  beam  is  required.  No  BFN  is  required  and 
complicated  mutual  coupling  effecte  in  the  feed  array  are  avoided.  The  BFN  end  the  spillover  loeees  are 
absent  or  drastically  reduced  eo  that  the  gain  delivered  can  be  higher.  Shaped  reflector  antenna  syetema 
ere  in  rapid  development  end  major  future  progress  is  likely  with  the  recent  advent  of  rigorous  methods 
[60].  Work  is  aleo  being  carried  out  on  duel  reflectore  [61 J. 


6 DUAL  REFLECTOR  SYSTEMS  WITH  SMALL  SCAN  DEGRADATIONS 


The  duel  offeet  Cassegrain  or  Gregorian  reflector  systems  permit  cancellation  of  the  cross 
polarization  for  e linearly  polarized  on-exie  beam  [62].  This  is  achieved  if  the  exes  of  the  feed,  the 
eubraf lector  end  the  main  reflector  are  adjusted  according  to  the  condition 

tan  y/2  - 1/M  tan  4>/2  (35) 

where  y ie  the  angle  from  the  main  reflector  axis  to  the  subreflector  axis  end  41  the  angle  from  the 
subreflector  axis  to  the  feed  axie  {see  Figure  31).  The  value  of  the  eubref lector  "magnification"  M 
determines  the  eubref lector  type: 


{1)  M > 1:  The  subref lector  is  the  convex  branch  of  e hyperboloid  with  the  eccentricity 

e - <M  + 1 )/(M  - 1 ) . 

This  is  a conventional  duel  offeet  Cassegrain. 

(2)  0 < M < 1:  The  subreflector  ie  the  concave  branch  of  e hyperboloid  with 

e - (1  -f  M) /( 1 - M). 

This  is  either  the  front-fed  or  the  side-fed  duel  offset  Ceaeegrain  discussed  below. 

(3)  M < -1:  The  eubref lector  is  an  ellipsoid  with 

e - <M  + 1 )/(M  - 1). 

This  is  e conventional  dual  offeet  Gregorian. 


Dual  offset  raflactor  configurations  which  fulfil  the  condition  (35)  has  no  first-order  eetigmatism  which 
otherwise  is  the  dominant  scan  aberration  in  offset  reflector  antennas  [ 30 ] . Conventional  compeneeted  dual 
offset  Cassegrain  and  Gregorian  antennas,  M > 1 and  M < -1  above,  are  difficult  to  design  with  no  blockage 
for  large  scan  angles,  and  the  feed  array  is  larger  than  in  the  ceae  where  the  main  reflector  ia  uaad  ea 
single  reflector.  These  problems  are  reduced  when  0 < M < 1 for  the  two  different  conf igurationa  In  Figure 
32,  which  both  are  designed  for  a i10°  scan,  in  Figure  32a,  the  feed  array  1s  located  in  front  of  both  the 
subref lector  and  the  main  reflector  and  the  system  has  been  termed  it  the  front-fad  offset  Cassegrain 
(FFOC)  antenna  system  [63].  In  the  second  configuration  In  Figure  32b  the  feed  array  end  the  subref lector 
are  pieced  on  either  side  of  the  main  raflactor.  This  system  has  been  termed  the  aide-fed  offeet 
Cassegrain  (SFOC)  antenna  syatem  ( 53] . 8oth  the  FFOC  and  tha  SFOC  have  unique  acan  properties  over  the 
full  ±10°  fiald-of-view  due  to  tha  large  focal  length  of  tha  main  raflactor.  Tha  large  fiald-of-view 
requires  that  tha  subraflactor  sisa  be  comparable  to  tha  main  raflactor  sisa.  For  contiguous  Earth 
coverage,  tha  feed  array  sisa  ia  axcaaaiva  and  tha  systems  may  not  be  competitive  to  an  array  antenna. 
However,  tha  inherent  property  of  a reflector  antenna  ayetem  of  aaaociating  aingla  feeds  with  high-gain 
spot  beams  makes  tha  conf igurationa  shown  in  Figure  32  vary  attractive  candidates  for  meeting  partial 
Earth  coverage  raquirementa  with  many  hlgh-gain  beams. 


6.1.  Scan  properties  of  tha  FFOC  and  tha  SFOC 

Figures  33  and  34  show  tha  calculated  principal  co-  and  croas-polar  pattern  cute  for  secondary  beams 
radiated  by  small  linearly  polarised  conical  horns  placed  at  tha  locations  which  are  corresponds  to  beams 
on  axis  and  with  10°  downward  scan,  10°  upward  acan  and  10°  lateral  acan.  The  diameters  of  tha  feeds  are 
1.8  k (FFOC)  end  2.2  k (SFOC)  and  correspond  to  a beam  spacing  of  82  per  cent  of  tha  beam  width.  This  ia 

close  to  tha  spacing  which  gives  tha  highest  gain  at  tha  croae-ovar  level  for  multi-beam  applications 

where  each  beam  is  radiated  by  a aingla  horn.  Xn  each  case*  the  feed  location  la  optimised  to  minimise  tha 
pheea  errors  and  tha  feed  axis  la  aligned  so  that  tha  cantrel  ray  hits  tha  canter  of  tha  main  raflactor 

surface*  For  both  tha  FFOC  and  tha  SFOC , tha  diameter  D of  tha  projected  aperture  ia  120  k.  Tha  small 

feeds  provide  only  a slight  aperture  taper.  This  eituatlor  exhibits  both  tha  highest  aidalobea  and  tha 
largest  acan  losses.  Tha  calculated  peak  directivity,  peak  a Ida lobe  level  and  peak  aldalobe  level  for  tha 
two  configurations  are  given  in  Table  8.  Tha  peak  directivity  la  broken  up  Into  a number  of  efficiencies 


°SC*  <»» 

where 

1.  th«  spillover  efficiency,  (th*  fraction  of  the  feed  power  which  hit*  th«  win  raflactor), 

T),r  ia  tha  ralativa  projected  araa  (tha  ratio  of  th*  araaa  obtained  by  projecting  th.  aein  raflactor 
ria  into  a plana  perpendicular  to  tha  direction  of  tha  acannad  bua  and  into  a plana 
parpandicular  to  tha  direction  of  tha  on-axla  baaa) , 
r\  ia  tha  apartura  efficiency  including  loaa  du*  to  phase  arrora,  amplitude  taper  and  cross 
polarisation.  (Thia  lose  in  dominated  by  th*  phaaa  arrora  associated  with  tha  acan  aa  tha 
apartura  illualnatlon  ia  alaoet  uniform),  and 
G0  ia  the  pash  achievable  directivity  (OA  (SI. 51  dSl  for  0 • 120  X). 
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8 earn  direction 
FFOC: 

*8 

^ar 

dB 

”31 

Directivity 

dBi 

Sidalobe 

dB 

Crosa-pol 

dB 

on  axis 

-4.62 

0 

-0.03 

46.88 

-28.38 

-48.68 

10°  downward 

-3.48 

+0.75 

-2.28 

46.52 

-32 .63 

-38.06 

10°  upward 

-5.87 

-1.07 

-1.55 

43.04 

-23.14 

-35.52 

10°  sideward 
SFOC: 

-4.78 

-0.07 

-0.63 

46.05 

-33.63 

-37.40 

on  axle 

-s.og 

0 

-0.02 

46.42 

-28.01 

-54.78 

10°  downward 

-4.68 

+0.34 

-0.36 

46.83 

-33.28 

-40.20 

10°  upward 

-5.72 

-0.52 

-0.24 

45.05 

-29.88 

-37. 49 

10°  sideward 

-5.29 

-0.07 

+0.03 

46.20 

-30.25 

-41.56 

Table  8.  Peak  directivity  budget  and  peak  aidelobe  level  of  FFOC  and  SFOC. 

Dua  to  tha  relatively  small  faad  sirs  and  small  angle  subtended  by  the  aubref lector  rim,  the  feed 
spillover  ia  large.  The  large  scan  ceusea  e eignificant  change  of  the  relative  projected  area*  As  the  mein 
reflector  is  closer  to  vertical  for  the  SFOC  than  for  the  FFOC,  tha  area  lose  for  upwards  scan  ie  smaller 
for  ths  SFOC*  Tha  aperture  efficiency  ie,  except  for  tha  on-exie  beam,  dominated  by  pheee  errors,  i.e., 
scan  aberrations.  Ws  see  that  tha  effect  of  these  phase  errors  is  smaller  for  tha  SFOC*  Tha  smaller  scan 
aberrations  of  ths  SFOC  also  follow  from  the  pattern  in  Figures  33  end  34*  The  sidelobee  end  the  cross 
polarisation  are  lower  for  tha  SFOC  then  for  the  FFOC.  As  the  aperture  diameter  increases,  e.g. , to  240X, 
the  superiority  of  the  SFOC  with  respect  to  slectric  performance  ie  accentuated*  For  both  con figuret ions, 
tha  scan  losses  are  highsr  for  beam  scanning  in  the  plans  of  symmetry  than  in  the  perpendicular  plane.  In 
tha  plana  of  symmetry,  tha  scan  losses  due  to  phase  errors  are  slightly  higher  for  downward  scan,  but  they 
sra  compensated  by  reduced  spillover  and  ares  losses*  In  s practical  design,  the  antenna  axis  should  be 
repointed  to  equalise  ths  overall  scan  loss  in  all  directions  or  give  preference  to  critical  areas  in  the 
coveregs.  Comparisons  with  the  single  offset  paraboloidal  reflectors  show  that  tha  FFOC  achieves  similar 
scan  performance  as  s single  of  fast  parabola  with  an  f/D  ratio  equal  to  about  2*6*  The  SFOC  is  comparable 
to  a single  offset  parabola  with  an  f/D  of  about  5.6. 

Kora  details  including  tha  initial  design  of  a fsad  array  to  generate  10  contoured  beams  out  of  the 
SFOC  are  given  in  [ 53] . 


7 CONTOURED* BEAK  ARRAY  ANTENNAS 

Table  2 indicated  tha  significant  growth  of  tha  fssd  array  aisa  for  each  new  INTELSAT  specscreft 
series,  if  tha  trend  towards  larger  and  radiating  apertures  and  f/D  ratios  continues,  ths  fssd  array  sias 
will  ultimately  axessd  ths  rsflsctor  sisa  and  tha  entsnns  mass  and  volume  requirements  will  have  s 
tremendous  impact  on  spacecraft  design  and  launch  cost.  Thus,  it  may  become  advantageous  to  "discard  tha 
rsflsctor  and  turn  tha  fssd  array  towards  ths  Earth"  and  uas  it  as  s directly  radiating  array* 

7*1  Array  Excitation  Optimisation  with  Pencil  Element  Beams 

Ws  consider  ths  planar  array  configuration  in  Figurs  35.  It  consists  of  Ns  elements  in  s hexagonal 
lattice*  Ws  define  Nb  element  beams  radiated  by  tha  array  in  s hexagonal  lattioa  ovsr  ths  fleld-of  view 
shown  in  Figurs  36.  Ths  half- power  beamwidth  of  ths  element  beams  is  da term  in ad  by  ths  array  diameter  D 
and  is  for  s uniform  array  illumination  approximately  A03  - X/D.  Ths  optimisation  of  ths  array  excitations 
to  mast  specified  oovsrsgs  and  isolation  requirements  is  carried  out  by  ths  algorithms  discussed  in 
Section  3 but  indirectly  by  optimising  ths  excitations  of  ths  element  beams.  Than,  ths  srrsy  sxcitstione 
srs  calculated  from  the  si ament- beam  excitations.  Ths  optimisation  vis  the  element  beams  is  much  more 
efficient  than  s dirset  optimisation  of  ths  srrsy  excitations  beesuse 

(1)  the  number  of  element  beam  ie  in  gensrsl  much  less  than  ths  number  of  srrsy  elements,  and 

(2)  the  element  beam  srs  almost  orthogonal  to  each  other  over  ths  fsr-flsld  pattern  in  the  ssnee 
thslr  pattern  only  overlap  little  ss  opposed  to  ths  array  element  patterns,  which  overlap 
completely*  As  s result,  ths  optimisation  ie  s more  well  behaved  problem. 

The  number  of  srrsy  elements  for  s given  aperture  sies  is  determined  by  the  requirement  that  no  grating 
lobes  fell  in  the  fisld-of-view.  The  antenna  designer  may  chooss  ths  element-beam  positions  independently 
for  each  coverage  ares  of  e multi- beam  srrsy  antenna.  This  ie  not  possible  for  s reflector  antenna*  Ths 
aperture  else  in  wavelengths  and  ths  sngulsr  extant  of  ths  coverage  area  determines  the  number  of  the 
degrees  of  freedom  of  the  synthesis  problem  [64]*  Zn  most  esses,  the  beam  spacing  can  be  chosen  s littls 
larger  than  the  beam  width  as  in  the  case  of  s reflector  antenna.  No  advantages  srs  gained  by  choosing  the 
beam  epaoing  significantly  smaller  than  ths  beam  width. 

Figurs  37  shows  sn  optimised  contoured  beam  for  an  srrsy  consisting  of  169  conical  horns  with  e 
diameter  of  2*94  X.  The  srrsy  diameter  ie  identical  to  the  else  of  the  INTELSAT  VX  hami/eone  rsflsctor*  By 
gradual  removsl  of  weakly  excited  array  elements  followed  by  re- optimisation  of  ths  remaining  excitations, 
the  number  of  array  elements  oan  be  reduced  eignifioantly.  A full  account  of  the  design  procedure  end  many 
design  cases  have  been  giveii  in  [65]. 


Thi>  *•••*  00  performed,  in  part,  for  the  Buropean  Space  Technology  and  Research  centrs 
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international  Telecommunications  satellite  Organisation  (INTELSAT).  Any  views  expressed  ere  not 
necessarily  those  of  INTELSAT.  The  author  wishes  to  thank  S Jorgensen,  TXCAA,  K Fontoppidan,  TXCRA,  ps 
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Figure  1 Multi-bean  bean  topologies  for  frequency  re-use. 
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Figure  7 Reflector  and  feed  parameters  used 
in  the  simple  analytic  beam  models 
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